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ABSTRACT 
The theory o f I n e l a s t i c Neutron S c a t t e r i n g (INS) Spectroscopy i s 
o u t l i n e d , and the spectrometers employed i n the study of low frequency 
( < 1500cm 1 ) v i b r a t i o n s of hydrogen-containing molecules described. 
Square planar platinum-ethylene complexes of the general form 
trans-PtCl (C H ).L and c i s - P t C l (C H ).L (where L i s a Lieand) have been 2 2 4 2 2 4 5 
i n v e s t i g a t e d by INS spectroscopy, and assignments made of t h e i r spectra 
below 850cm \ I n a l l cases, a frequency was found representing the 
t o r s i o n of the ethylene group about an a x i s p r o j e c t e d from the platinum 
atom through the centre of the C=C band, and the b a r r i e r to t h i s r o t a t i o n 
c a l c u l a t e d . 
INS a c t i v e modes of C o 2 ^ ° ^ g , C 2 H 2 ( 0 - 1 4 5 0 c m have been t e n t a t i v e l y 
i d e n t i f i e d , and a value f o r the b a r r i e r t o the r o t a t i o n of the acetylene 
molecule about an axis running through the mid-points of the Co-Co and 
CsC bonds derived. 
INS spectra of C H and CD, adsorbed at two overpressures onto s i l v e r F 2 4 2 4 F 
exchanged type A (Ag A) z e o l i t e have been measured. On t h i s basis of 
12 
d e u t e r a t i o n s h i f t s and r e l a t i v e i n t e n s i t i e s , a l l three t o r s i o n a l modes 
and two of the three t r a n s l a t i o n a l modes expected f o r the ethylene molecule 
r e l a t i v e to a s i l v e r i o n have been assigned. I n a d d i t i o n , several weak 
spectroscopic features appeared t o i n d i c a t e the presence of a second 
less populated adsorption s i t e . 
C H and C D adsorbed onto Ag „A z e o l i t e a t one overpressure have 2 2 2 2 12 
been studied by INS spectroscopy. A l l s i x pr e d i c t e d acetylene-surface 
modes were observed, the presence of the t o r s i o n a l v i b r a t i o n of the 
acetylene molecule about an axis running p a r a l l e l t o the C=C bond i n d i c a t i n g 
the adsorbed molecule to be non-linear. 
F i n a l l y , INS spectra of the complexes Cr(C H ) , Cr(Cl H ) I , C„H Cr(CO) 
6 6 2 6 6 2 6 6 
and C H Mn(CO) Br have been recorded i n the region O-9O0cm *. Assignments 6 6 3 
have been attempted and, wherever p o s s i b l e , the b a r r i e r t o the r o t a t i o n 
of the benzene l i g a n d ( s ) about the s i x - f o l d a x i s c a l c u l a t e d . 
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A neutron may i n t e r a c t w i t h a t a r g e t nucleus so t h a t i t i s e i t h e r 
absorbed or s c a t t e r e d . The exact nature and p r o b a b i l i t y of the 
s c a t t e r i n g i n t e r a c t i o n may be expressed by a s i n g l e parameter known 
as the s c a t t e r i n g l e n g t h ( b ) 1 , which i s associated w i t h the p a r t i c u l a r 
isotope encountered and i t s nuclear spin o r i e n t a t i o n . An a l t e r n a t i v e 
statement of the p r o b a b i l i t y of i n t e r a c t i o n i s w i t h reference to the 
e f f e c t i v e area presented t o an i n c i d e n t neutron by a nucleus, t h a t i s , i n 
2 
terms of the t o t a l s c a t t e r i n g c r o s s - s e c t i o n , f j : 
<y = Um b 2 
Considering an array of non-equivalent n u c l e i , neutron-nucleon 
i n t e r a c t i o n may take place according t o the mean of the s c a t t e r i n g l e n g t h 
(coherent s c a t t e r i n g ) , i n which case i n t e r f e r e n c e e f f e c t s are possible; 
or as a r e s u l t of l o c a l d e v i a t i o n s from the mean s c a t t e r i n g p o t e n t i a l 
(incoherent s c a t t e r i n g ) , t h e randomness of which ensures the absence of 
1 
i n t e r f e r e n c e . We may w r i t e : 
CTT " a c o h + a i n c o h 
where C . i s the coherent s c a t t e r i n g coh 
cross-section 
O i s the incoherent incoh 
s c a t t e r i n g cross-section 
S c a t t e r i n g by e i t h e r coherent or incoherent means may take place 
i n e l a s t i c a l l y or e l a s t i c a l l y , t h a t i s , w i t h or without t r a n s f e r of energy. 
I t so happens t h a t the energy d i s t r i b u t i o n of thermal neutrons i s of s i m i l a r 
2 
magnitude t o t h a t of molecular v i b r a t i o n s ( d i a . l ( i ) ) . Therefore, I n e l a s t i c 
Neutron S c a t t e r i n g (INS) i s a complementary t o o l t o those techniques normally 
employed i n molecular spectroscopy, i . e . Raman and i n f r a r e d . I t does not 
s u f f e r , however, from the l i m i t a t i o n s of " c o n v e n t i o n a l " spectroscopic methods 
as regards electromagnetic s e l e c t i o n rules„ That i s not t o say t h a t there 
are no e f f e c t i v e " s e l e c t i o n r u l e s " , but t h a t these are of a d i f f e r e n t form 
and r e l a t e t o i n t e n s i t y c o n s i d e r a t i o n s , because s t r i c t l y speaking a l l 
v i b r a t i o n s are a c t i v e (see later)„ 
2-5 2 0 15 — r r — r 
Neut ron w a v e l e n g t h (A) 
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Vibtationol molecular levels 
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Dia„l(i): The Possible Energy Ranges of Various Types of E x c i t a t i o n 
i n S o l i d s or L i q u i d s ( a f t e r Egelstaff3)„ 
As w e l l as t r a n s f e r of energy, the s i m i l a r i t y i n the masses of neutrons 
and molecules means t h a t t r a n s f e r of momentum (in the approximate range 0„1 t o 
1Q§ 1 ) i s also p o s s i b l e ( d i a „l ( i i ))„ I n consequence INS spectra, depending 
upon the angle at which they are recorded r e l a t i v e t o the sample, may show 
i n t e n s i t y v a r i a t i o n s and, i n the case of d i s p e r s i v e modes, frequency changes. 
3. 
JCZ 
- 5 - « 
In f rored 
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Rays I 
Energy Trans fe r 
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Dia„l(ii): Comparison of Momentum Transfer and Energy Transfer Space 
of Neutrons w i t h Other Techniques ( a f t e r B o u t i n and Yip ). 
As a g e n e r a l i s a t i o n , i t may be assumed t h a t the incoherent cross-
4 
s e c t i o n of hydrogen i s a t l e a s t an order of magnitude l a r g e r than the 
incoherent cross-sections of other n u c l e i , and also l a r g e r than most 
coherent c r o s s - s e c t i o n s 5 (Table 2 t > l ) 0 Therefore, i n e l a s t i c neutron 
s c a t t e r i n g from a sample c o n t a i n i n g hydrogen ( i n reasonable c o n c e n t r a t i o n ) 
w i l l j t o a f i r s t approximation, be almost t o t a l l y i n c o h e r e n t , and dominated 
by v i b r a t i o n s i n v o l v i n g the movement of hydrogen atoms 0 I t i s incoherent 
i n e l a s t i c s c a t t e r i n g from hydrogen-containing compounds which w i l l be the 
main concern of t h i s thesis„ 
Two instruments are p r i n c i p a l l y employed i n INS spectroscopy. the 
B e r y l l i u m F i l t e r Detector (BFD) spectrometer , and the T i m e - o f - F l i g h t (T-O-F) 
7-9 
spectrometer (Chapter I I I ) * I n the case of the BFD machine, a mono-
e n e r g e t i c i n c i d e n t neutron beam i s i n c r e m e n t a l l y v a r i e d i n energy, and 
s c a t t e r e d neutrons ( o f a p a r t i c u l a r energy) detected at a f i x e d angle, 
so t h a t a p o i n t by p o i n t spectrum i s produced of neutron counts versus 
energy. 
The T-O-F instrument employs a pulsed mono-energetic i n c i d e n t neutron 
beam which i s s c a t t e r e d by the sample i n t o an array of counters d e s c r i b i n g 
a s o l i d angle. Separation of the s c a t t e r e d neutrons may be performed 
on the basis of the time required f o r t r a v e l between the sample and 
detec t o r (time-of-flight)„ Thus a f t e r each pulse, the a r r i v a l times o f 
neutrons at a counter are recorded w i t h i n constant time i n t e r v a l s (e.g. 
6UJS wide) known as t i m e - o f - f l i g h t channels,, From knowledge of the i n c i d e n t 
neutron v e l o c i t y , time of a r r i v a l i n channel numbers, and instrument 
geometry, the average r e c i p r o c a l v e l o c i t y of neutrons w i t h i n a p a r t i c u l a r 
channel may be c a l c u l a t e d . Data are t h e r e f o r e recorded at many angles 
simultaneously, and at each, a spectrum i s recorded of neutron counts 
versus time-of-flight„ 
Important d i f f e r e n c e s between the spectra obtained f o l l o w from the two 
techniques: 
( i ) BFD spectra are e s s e n t i a l l y independent of momentum t r a n s f e r , 
w h i l s t T-O-F spectra are very dependent upon momentum t r a n s f e r . The 
l a t t e r machine may t h e r e f o r e be used to study t h i s e f f e c t , via c o l l e c t i o n 
of data at various angles equivalent t o several ranges of momentum t r a n s f e r . 
( i i ) T-O-F spectra, as w e l l as showing the i n e l a s t i c region, also 
f e a t u r e t h a t p a r t of the spectrum corresponding t o zero energy t r a n s f e r . 
A l a r g e d i s t r i b u t i o n of e l a s t i c a l l y s c a ttered neutrons i s thus produced 
which i s c a l l e d the e l a s t i c peak. D i f f u s i v e processes may widen the 
narrow e l a s t i c peak expected, and measurement of the r e l a t i v e broadening 
5 
(known as Q u a s i - e l a s t i c broadening) y i e l d s i n f o r m a t i o n to which computer 
models of d i f f u s i v e motion may be f i t t e d . 
( i i i ) W h i l s t only one spectrum(detected neutron counts vs. energy ) i s 
obtained using a BFD spectrometer, several s p e c t r a l representations 
(defined i n Chapters I I and I I I ) may be p l o t t e d of T-O-F data. These 
inc l u d e "corrected counts vs.T-O-F"' (nine graphs 6H: t h i r t e e n graphs 4H5)^; 
"P(Ot, 0 ) vs 0cm 1 , 1 (nine graphs 6H: t h i r t e e n graphs 4 H 5 ) 1 0 ; p ( m ) (one 
graph 6H and 4 H 5 ) 1 0 and 20 sinh (0/2) p ( f l ^ & (one graph 6H and 4 H 5 ) 1 0 . 
Obviously i t i s not possible to reproduce a l l the data a v a i l a b l e i n t h i s t h e s i s . 
Consequently, i t must be remembered t h a t those T-O-F spectra shown are chosen 
i n an attempt e i t h e r t o demonstrate trends or i l l u s t r a t e c e r t a i n s p e c i f i c 
f e a t u r e s , and i n d i v i d u a l l y do not purport to t e l l the "whole story"„ 
The observable i n most neutron s c a t t e r i n g experiments i s the p a r t i a l 
( 6 2 g ^ 1 
double d i f f e r e n t i a l c r o s s - s e c t i o n , VbQbE1/' 
2 number of neutrons w i t h energies between E and E+dE 
( & @ \ _ s c a t t e r e d i n t o the s o l i d angle dfl per u n i t time 
dQ x dE x i n c i d e n t f l u x 
For i n e l a s t i c neutron spectroscopy, we may s t a t e from Chapter I I : 
(^rr) = N ^ E |b -b| 2 exp(-2W ) A- ^ Z(o3) \brf)E'/ . , _ k . 1 I 1 V l l-A. 2Muv si n g l e quantum I A K 
incoherent 
where \ i s neutron wavelength 
k i s the wave vector of the i n c i d e n t 
i\ 1,1 27f'\ neutron [k = |kl = — j 
k' i s the wave vector of the s c a t t e r e d 
neutron 
bj,-b| N i s the incoherent 
c r o s s - s e c t i o n 
i s the Debye-Waller f a c t o r 
equals e xP\ 2R T/ 
Q i s the s c a t t e r i n g vector, (J = (k-k' ^  
i s momentum t r a n s f e r ftQ = •fi(k-k 1') 
i s Plank's constant/27T 
M i s the mass of the s c a t t e r i n g atom 
i s the v i b r a t i o n a l frequency 
(radians s ) 
Z(u>) i s the d e n s i t y of s t a t e s 
As has been st a t e d p r e v i o u s l y , s t r i c t l y speaking a l l v i b r a t i o n s are 
a c t i v e i n the INS spectrum; however, from the form of the i n t e n s i t y 
r e l a t i o n s h i p above, may be seen what e f f e c t i v e l y amount to the " s e l e c t i o n 
r u l e s " f o r neutron spectroscopy. That i s t o say t h a t those f a c t o r s which 
govern i n t e n s i t y are the incoherent cross-section, the Debye-Waller f a c t o r , 
the s c a t t e r i n g vector, the mass of the s c a t t e r i n g atom and the v i b r a t i o n a l 
frequency. Greatest i n t e n s i t y t h e r e f o r e r e s u l t s when atoms w i t h large 
incoherent cross-sections and small masses are present executing large 
amplitudes of v i b r a t i o n . Consideration of at l e a s t the f i r s t two of these 
c r i t e r i a shows t h a t hydrogen i s the most favoured atom f o r i n e l a s t i c 
neutron s c a t t e r i n g , and i t f o l l o w s t h a t , of v i b r a t i o n s i n v o l v i n g hydrogen, 
i n t e r n a l t o r s i o n s and whole body l i b r a t i o n s are l i k e l y t o be amongst the 
most intense modes. 
The expression f o r the p a r t i a l double d i f f e r e n t i a l c ross-section shows 
another i n t e r e s t i n g f e a t u r e of INS spectroscopy, v i z . t h a t i s o t o p i c s u b s t i t u t i o n 
causes not only a change i n frequency, but also, v i a the incoherent 
cr o s s - s e c t i o n , an i n t e n s i t y change. 
I n the case of the s u b s t i t u t i o n of deuterium f o r hydrogen, a re d u c t i o n 
of i n t e n s i t y of about 1/40 i s expected from comparison of the r e l a t i v e 
incoherent cross-sections. 
B. Background to the Employment of INS spectroscopy i n the Study of Z e o l i t e -
adsorbate Interactions 
The mechanism of metal-gas i n t e r a c t i o n s at surfaces, and the bonding which 
takes place, i s of great s c i e n t i f i c i n t e r e s t , and no l i t t l e commercial 
11 
importance. Z e o l i t e s o f f e r an e x c e l l e n t medium i n which t o i n v e s t i g a t e 
the problem at a s l i g h t l y lower degree of complexity, f o r i n the z e o l i t e 
a l u m i n o s i l i c a t e l a t t i c e , metal atoms are held at f i x e d p o i n t s i n space, 
ra t h e r than forming the i l l - d e f i n e d surface of a bulk m a t e r i a l . However, 
i n t e r e s t i n z e o l i t e s i s by no means l i m i t e d only t o t h e i r s u i t a b i l i t y as 
model systems: they are i n d u s t r i a l l y important i n t h e i r own r i g h t , 
p a r t i c u l a r l y i n the petrochemical i n d u s t r y (as c a t a l y s t s ) . 
Although i n f r a r e d studies of z e o l i t e s and of z e o l i t e - a d s o r p t i o n systems 
abound i n the l i t e r a t u r e , a common f e a t u r e runs through a l l of t h i s work: 
the almost complete absence of data f o r the region below 300 cm where 
the v i b r a t i o n a l frequencies r e s u l t i n g from cation-adsorbate i n t e r a c t i o n s 
12 
would be expected . The undoubted reason f o r t h i s lack o f i n f o r m a t i o n 
has been the d i f f i c u l t y experienced i n g e t t i n g z e o l i t e m a t e r i a l i n t o a 
form such t h a t an adequate amount of r a d i a t i o n could be t r a n s m i t t e d , 
combined w i t h the s c a r c i t y u n t i l comparatively r e c e n t l y of F o u r i e r Transform 
F a r - I n f r a r e d spectrometers. 
To our knowledge, only f o u r papers have been published r e p o r t i n g 
12-15 
f a r - i n f r a r e d spectra of z e o l i t e s „ Of these only one has described 
14 
the employment of unsupported z e o l i t e i n d i s c form , and again i n only 
one instance has an attempt been made t o i n v e s t i g a t e the adsorption of 
15 
molecules other than water 
I n what was claimed to be the f i r s t paper devoted to the study of the 
12 
f a r - i n f r a r e d of z e o l i t e s , B r o d s k i i et a l . i n v e s t i g a t e d the f o l l o w i n g cation-
exchanged forms of type X z e o l i t e : (a) NaX : Na Q 0 3 ( A 1 V l . O O ( S i°2 )1.43j 
(b) LiNaX : L i ^ N a ^ g ( A 1 02 )1.00 ( S i°2 )1.35. 
( c ) KNaX : V 6 6 N a 0 . 2 1 [ ( A 1°2>1.00 ( S j°2>1.33 
(d) RbNaX : Rb 0.63 N%.2g[<^ V l . 0 0 ( S i V l . 3 1 . 
(e) CsNaX : C s ^ N ^ ( A 1 V l . O O ( S i V l „ 3 5 J 
8. 
_2 Samples (3-4 mg cm ) were prepared as a r e s u l t of an aqueous suspension 
of z e o l i t e powder being applied t o a substrate ( t r a n s p a r e n t i n the working 
s p e c t r a l r e g i o n ) , and allowed t o dry i n a i r , Several treatments i n v o l v i n g 
d i f f e r i n g degrees of heating and evacuation were then c a r r i e d out: 
( i ) evacuation t o 2 X 10" 1 Torr f o r 1 o minute at 20 C 
( i i ) evacuation t o 2 X 10" 2 Torr f o r 1 hour at 20°C 
( i i i ) evacuation t o 2 X 10~ 4 Torr f o r 3 hours at 20°C 
( i v ) evacuation t o 5 X io~ 5 Torr f o r 3 hours at 100°C 
( v ) evacuation to 5 X 10~ 5 Torr f o r 3 hours at 400°C 
spectra i n each case being recorded i n the region 30-470 cm 
Two bands ( a t 500 cm * and 175 cm were i d e n t i f i e d as r e s p e c t i v e l y 
l i b r a t i o n a l and t r a n s l a t i o n a l modes of adsorbed water, the absence of these 
v i b r a t i o n s a f t e r evacuation above 400°C being taken as evidence f o r the 
complete removal of water at t h i s temperature. Further peaks were 
assigned,, on the basis of t h e i r i n v a r i a n c e w i t h respect t o dehydration, to 
motions of the a l u m i n o s i l i c a t e framework; w h i l s t f o r each z e o l i t e , a t l e a s t 
one band was found which the authors considered t o r e s u l t from c a t i o n i c 
v i b r a t i o n . An attempt was made t o c o r r e l a t e the l a t t e r v i b r a t i o n s w i t h 
the various c a t i o n l o c a t i o n s p o s s i b l e w i t h i n the type 13X z e o l i t e framework 
(Chapter VI) and, as may be seen from Table 1.1, the v i b r a t i o n a l frequencies 
of those cations believed t o occupy the e n e r g e t i c a l l y e q u i v a l e n t and 
11 
s p e c t r a l l y unresolved s i t e s I I and I I were observed t o be roughly 
- i 
p r o p o r t i o n a l t o m 2 (where m i s the mass of the p a r t i c u l a r c a t i o n p r e s e n t ) . 
Table 1.1 The Spectrosocpic Frequencies (cm 1 ) and Assignments 
of Z e o l i t e s LiNaX, NaX, KNaX, RbNaX and CsNaX a f t e r 
B r o d s k i i e t a l . 1 2 
Assignment LiNaX NaX KNaX RbNaX CsNaX 
/ 
Cation S i t e I 150 64 
Cation s i t e s I I ' and I I 400? 190 150 105 114 
Framework 110 110 110 




/ The nomenclature associated w i t h c a t i o n l o c a t i o n s w i t h i n the framework of type 
13X z e o l i t e i s discussed at l e n g t h i n Chapter VI and reference 11. 
L a t e r work by B r o d s k i i e t a l 13 ;ain using supported samples studied 
the a b s o r p t i o n spectra o f a number of c a t i o n s u b s t i t u t e d s y n t h e t i c f a u j a s i t e 
11 
z e o l i t e s , as w e l l as sodium type X and type Y z e o l i t e s w i t h d i f f e r i n g 
s i l i c o n t o aluminium r a t i o s : 
( a ) NaX 
(b) NaX 
( c ) NaX 
(d) NaY 
(e ) NaY 
( f ) NaY 
( g ) LiNaX 
( h ) KNaX 
( j ) RbNaX 
( k ) CsNaX 
(1 ) KY 
(m) CsNaY 
2^102 
Na H, [ ( A 1 0 2 ) 8 8 ( S i 0 2 ) 1 0 J 
N 376 [ ( A 1 ° 2 ) 8 1 ( S i 0 2 ) l l J H5 
N a66[ ( A 1°2 )72 ( S i°2 )12o] H6 
N a 5 7 [ ( A 1 0 2 ) 6 3 ( S i 0 2 ) l 2 J H 6 
N a 5 1 [ ( A 1 0 2 ) 5 4 ( S i 0 2 ) 1 3 J H 3 
L i 4 4 N a 2 X ( A 1 0 2 ) 8 2 ( S i 0 2 ^ 0 ] 
K 5 4 N a ] L 7 [ ( A 1 0 2 ) 8 2 ( S i 0 2 ) L 1 0 ] H ? 
R b 5 2 N a 2 4 [ ( A 1 0 2 ) 8 3 ( S i 0 2 ) L 0 9 ] H ? 
S i m i l a r t o sample ( f ) but w i t h maximum replacement 
o f Na + c a t i o n s by K +(100%) and Cs +(70%) r e s p e c t i v e ] 
11 
I n these experiments a l l samples were heated t o 400 C and evacuated 
_5 
t o 5 x 10 Torr f o r 4 hours,, p r i o r t o spectra being measured i n the region 
-1 
20-470 cm „ As i n the previous i n v e s t i g a t i o n , , i t proved p o s s i b l e t o 
associate c e r t a i n frequencies w i t h v i b r a t i o n s o f the framework,, S i m i l a r l y , 
bands corresponding t o c a t i o n modes were i d e n t i f i e d and c o r r e l a t i o n made 
between these and gi v e n c a t i o n p o s i t i o n s (Table 1„2) 0 I n t h i s case both 
the c a t i o n frequencies associated w i t h s i t e s I " and I I (unresolved i n the 
s p e c t r a ) t a n d those r e s u l t i n g from s i t e I I I , were shown t o be i n v e r s e l y 
p r o p o r t i o n a l t o the square-root of the mass of the c a t i o n p r e s e n t 0 
10. 
Table 1,2 The Spectroscopic Frequencies (cm ) and Assignments 
o f Z e o l i t e s NaX, KNaX, RbNaX, CsNaX, NaY, KY and CsNaY 
13 
a f t e r B r o d s k i i e t al„ 
Assignment NaX(a) NaX(c) KWaX(h) RbNaX(j) CsNaX(k) NaY(f) KY(1) CsNaY(m) 
Cation s i t e s 7 ' I ' 
and I I < 188 188 148 100? 55 
1 1 6 ° " J 185 
1 98-
) l 3 5 57 
Cation s i t e 7 ' I I I 66 66 54 40 33 
Unexchanged sodium 
ions remaining at 
c a t i o n s i t e 7 ' I ' 
188 182 185 170 
Framework 
















/ The nomenclature used i n t h i s t a b l e t o describe c a t i o n l o c a t i o n s i n type 13X 
z e o l i t e i s explained i n Chapter VI and reference 11. 
The sole attempt to i n v e s t i g a t e unsupported z e o l i t e i n d i s c form was 
repo r t e d i n the study of a CaNaX z e o l i t e ( o f composition 0„66Ca0:003lNa 0: 
14 
A1_0 • 2„56 SiO ) by Drykheev et a l „ I n t h i s work, z e o l i t e ( w i t h o u t b i n d e r ) 
2 
was compressed i n t o t a b l e t s 10 x 8 mm i n size, and 12 mg cm i n thickness 
-2 
(employing a pressure of 50 kgf cm ) , and spectra recorded between 60 and 
400 era \ 
I t was found t h a t w h i l s t evacuation t o 300°C caused the appearance 
of new bands i n the spectrum,continued heating to an u l t i m a t e temperature 
of 500°C caused no f u r t h e r s i g n i f i c a n t change„From t h i s , i t was concluded 
o 
t h a t the dehydration process was e s s e n t i a l l y complete above 300 C„ 
Assignment was made of sever a l bands t o framework v i b r a t i o n s , and peaks 
thought t o d e r i v e from c a t i o n v i b r a t i o n s i d e n t i f i e d (Table 1„3) 0 
Table 1.3 The Spectroscopic Frequencies (cm ) and Assignments 
Reported f o r Z e o l i t e CaNaX by Dyrkheev e t a l f 4 
Assignment CaNaX 
Cation s i t e ^  I 
" I n t e r i o n i c v i b r a t i o n s 
of Ca2+ ions r e l a t i v e 
t o z e o l i t e s k e l e t o n " 
" I n t e r i o n i c v i b r a t i o n s 
or v i b r a t i o n s of elements 
of the z e o l i t e s keleton 
a f f e c t e d by a change i n 
f i x a t i o n s i t e of Ca 2 + i o n s " 










/ Cation s i t e s w i t h i n type 13X s s o l i t e ar© discussed 
i n Chapter VI and reference 11„ 
15 + + I n the f i n a l account published, B u t l e r e t a l . i n v e s t i g a t e d L i , Na, 
2H- 2~f~ 2'l" 2H K , Cs , Ag , Mg , Ca , Sr and Ba exchanged type Y z e o l i t e s as w e l l as 
+ + + + 2+ Na , K , Rb , Cs and Ca exchanged type X z e o l i t e s . Spectra were measured 
using two d i f f e r e n t sample techniques" 
(a) Z e o l i t e ( p r e v i o u s l y dehydrated) mulled i n petroleum j e l l y between 
low density polyethylene p l a t e s , and 
(b) Z e o l i t e powder (0.2 mm t h i c k ) supported on a transparent substrate. 
Z e o l i t e s c o n t a i n i n g monovalent cations were a c t i v a t e d by heat treatment 
o -4 at 400 C and evacuation t o 10 Torr f o r 12 hours: those containing 
d i v a l e n t cations were subjected t o the higher temperature of 500°C. 
As i n previous work, v i b r a t i o n s of the a l u m i n o s i l i c a t e l a t t i c e and 
of cations located i n various s i t e s were assigned (Table 1.4). However, 
i n t h i s i n v e s t i g a t i o n there i s also reported the only known f a r - i n f r a r e d 
study of adsorbed species other than water, the molecules i n v e s t i g a t e d 
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and dichloromethane adsorbed to(0„05 Torr)on NaX, KX and KY zeolites„ 
I n a l l the a d s o r b a t e - z e o l i t e systems,the frequency of the s i t e I I c a t i o n 
v i b r a t i o n was found t o s h i f t t o lower energy, and v i b r a t i o n s corresponding 
t o the symmetric and antisymmetric s t r e t c h e s o f the l i g a n d r e l a t i v e t o 
the c a t i o n could be i d e n t i f i e d (Table 1„5). 
Table 1.5 T y p i c a l Data R e l a t i n g t o the Adsorption of 0.05 Torr H^ O/ 
Pyridine/Dimethyl Sulphoxide/Tetrahydrofuran or Dichloromethane 
— — — — • J T J — 
Adsorbed on NaX/KX or KY Z e o l i t e s ( a f t e r B u t l e r e t al„ )„ 
S i t e ^ I I v i b r a - / T y p i c a l S i t e I I Ty p i c a l Symmetric T y p i c a l A n t i -t i o n a l v i b r a t i o n a l S t r e t c h i n g symmetric 
Z e o l i t e frequency before frequency a f t e r frequency S t r e t c h i n g 
a d s o r p t i o n a d s o r p t i o n frequency 
NaX 190 cm 1 180 cm"1 155 cm 1 215 cm"1 
KX 156 cm 1 ca. 140 cm 1 120 cm"1 165 am 1 
KY -1 133 cm 130 cm"1 
-X 
115 cm 155 cm 1 
/ The l o c a t i o n of c a t i o n s w i t h i n the type 13X z e o l i t e framework i s 
discussed i n Chaper VI and reference 11„ 
I n common w i t h the f a r - i n f r a r e d work, Raman spectroscopic measurements 
have s u f f e r e d severe l i m i t a t i o n s , i n t h i s case imposed by the weakness of 
.16-18 the Raman s c a t t e r i n g produced and the o f t e n unacceptably h i g h l e v e l s 
of fluorescence background encountered, e s p e c i a l l y when t r a n s i t i o n metal 
16 I t i s t h e r e f o r e not s u r p r i s i n g t h a t many studies have 
16,18-23 
atoms are present 
been r e s t r i c t e d t o a l k a l i or a l k a l i n e e a r t h metal exchanged z e o l i t e s 
although, f o r example, spectra of T l + and Ag + exchanged type A z e o l i t e s ^ , 
and Eu 3+ 25 _ 2+ _ 2+ 3+ 26 Co , Cu and Ce exchanged type Y z e o l i t e s have been 
published (Table 1„6) 0 However, even w i t h Group I and Group I I m e t a l -
exchanged z e o l i t e s , a h i g h temperature ( t y p i c a l l y 500°C) "burning out" 
treatment using oxygen has g e n e r a l l y proved necessary t o reduce fluorescence 
a t t r i b u t e d t o hydrocarbon i m p u r i t i e s , , 
Table 1„6 summarises some of the most important papers which have 
been pu b l i s h e d of Raman i n v e s t i g a t i o n s of z e o l i t e s and species adsorbed 
TABLE 1 06 Summary of the Z e o l i t e - a d s o r p t i o n Systems which have been 
studied by Raman Spectroscopy 
Adsorbed Species Z e o l i t e a Reference 
- NaA, NaX, CaX, NaY e t a l , 16 
- T1A, AgA and LiA 24 
- EuY 25 
- NaYt LiY, KY, COY, CuY, CeY and HY 26 
Carbon di o x i d e NaX and NaY 16 
A c e t o n i t r i l e NaX and NaY 16 
Propylene NaA, NaX and NaY 16 
A c r o l e i n NaY 16 
P y r i d i n e LiX, NaX, KX, CsX, ZnX and HX 18 
P y r i d i n e NaY, LiY, KY, CoY, CuY, CeY and HY 19,26 
Acetylene L i A, NaA, KA, MgA and CaA 20 
Acetylene LiX, NaX, KX, CsX, MgX, CaX and BaX 21,27 
Dime thy1a ce ty1ene NaX and CsX 21 
Pyrazine LiX, NaX, KX, CsX, MgX, CaX and BaX 22 
Cyclopropane LiX, NaX, KX and CsX 23 
/ The s t r u c t u r e s of types A, X and Y z e o l i t e s are discussed 
at l e n g t h i n reference 11, w h i l s t summaries of types A and 
X may be found i n Chapter VI. 
on z e o l i t e s . As f a r as i s known,in no case, c e r t a i n l y i n none of the 
rep o r t s l i s t e d above, have modes been observed which could be ascribed 
to cation-adsorbed species i n t e r a c t i o n . Conclusions regarding metal-
adsorbate bonding have t h e r e f o r e , of necessity, been derived e n t i r e l y 
from frequency s h i f t s , which have taken place between the i s o l a t e d and 
-, 16,18-23, 26, 27 adsorbed molecule . 
I n c o n t r a s t w i t h the more conventional spectroscopic techniques, 
INS spectroscopy i s w e l l s u i t e d to z e o l i t e s t u d i e s , i n t h a t the 
a l u m i n o s i l i c a t e l a t t i c e of the z e o l i t e i s r e l a t i v e l y transparent t o 
neutrons, and thus, i f an hydrogenous species i s adsorbed, the predominant 
v i b r a t i o n a l frequencies recorded w i l l be those i n v o l v i n g the adsorbed 
species and i t s i n t e r a c t i o n w i t h the c a t i o n . That i s not t o suggest t h a t 
the employment o f INS spectroscopy i s not wi t h o u t i t s own attendant 
disadvantages; c h i e f amongst these are: 
( i ) t h a t the r e s o l u t i o n a t t a i n a b l e i n a neutron s c a t t e r i n g 
experiment i s always considerably poorer than t h a t which i s r o u t i n e l y 
achieved using an i n f r a r e d or Raman spectrometer. 
( i i ) t h a t experiments r e q u i r e several days, g e n e r a l l y two days f o r 
a background and two days f o r the adsorbed species plus background, 
r a t h e r than the couple of hours necessary f o r the measuring of "conventional" 
spectra. 
( i i i ) t h a t u n l i k e i n f r a r e d or Raman instruments, which are always 
present, and around which may be designed experiments at the i n v e s t i g a t o r ' s 
convenience, neutron beam f a c i l i t i e s are severely r a t i o n e d and a l l o c a t e d 
s i x months i n advance. I t i s t h e r e f o r e a not inconsiderable l o g i s t i c 
achievement t o have an experiment ready f o r the beginning of the scheduled 
time and to have i t completed w i t h i n the prescribed period, e s p e c i a l l y 
i n view of the p r o b a b i l i t y o f machine breakdowns, and the operating 
d i f f i c u l t i e s sometimes experienced even w i t h the r e a c t o r . 
16. 
Co The Systems Studied 
The z e o l i t e chosen f o r i n v e s t i g a t i o n was silver-exchanged type A**, 
and the gases adsorbed were ethylene and acetylene. These systems 
followed n a t u r a l l y from previous INS studies which reported the adsorption 
of the same gases on the p a r a l l e l system of silver-exchanged z e o l i t e type 
,„ 28-31 13X 
I n order t o a i d understanding of the zeolite-adsorbed gas systems, 
INS spectra were obtained of simple organometallic complexes which 
contained metal-ethylene and metal-acetylene bonds, and which had already 
been w e l l i n v e s t i g a t e d by other techniques. These "model compounds" 
included cis-and trans-PtCl (C_H ).L complexes (where L denotes a 
l i g a n d group) and Co 2(CO) g.C 2H 2. 
Furthermore, as p a r t of an u l t i m a t e i n t e n t i o n t o study the adsorption 
of benzene on silver-exchanged type 13X z e o l i t e , the INS spectra of several 
benzene cont a i n i n g compounds have been measured. 
17. 
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CHAPTER I I 
BACKGROUND THEORY 
A„ Neutron S c a t t e r i n g 
1-8 
There are several d e t a i l e d sources covering basic neutron s c a t t e r i n g 
theory. I n consequence, only the general p r i n c i p l e s behind the theory, 
and t h a t theory s p e c i f i c t o the experimental work undertaken, w i l l be 
described here. 
L The A p p l i c a t i o n of P e r t u r b a t i o n Theory t o Neutrons 
As a r e s u l t of i t s wave-particle d u a l i t y , the motion of a neutron 
through f r e e space may be represented by a d i f f e r e n t i a l equation o f the 
time-independent Schrodinger type: 
~ ^ T ~ 0 = 2.(i) 2m a 
2 6 2 5 2 6 2 where V = — - + — - + 
bx 2 b y 2 5 Z 2 
*fi i s Planck's constant d i v i d e d by 27T 
m i s the mass of a neutron 
0> i s the wave-function of the neutron 
d 
( i . e . s o l u t i o n s of the equation) 
E i s the eigen value of the equation 
A p e r t u r b a t i o n , r e s u l t i n g from neutron-system i n t e r a c t i o n , may be 
incorporated i n t o equation 2 ( i ) by the i n t r o d u c t i o n of a p o t e n t i a l term: 
2 2 
V lb + V'(r)i/j = E'j/) 2.(i i ) 2m s — s s 
where 0 g i s the wave-function of equation 2 . ( i i ) : 
lb = ib + ib ^a 
0 i s the wave-function representing the i n c i d e n t 
wave (equation 2.(i)) 
0 i s the wave-function representing the s c a t t e r e d P 
wave 
V ( r ) i s the p o t e n t i a l f u n c t i o n d e s c r i b i n g a p a r t of the 
system through which the neutron i s passing 
r i s the p o s i t i o n vector of the neutron 
1 
A p p l i c a t i o n of the Born approximation which states t h a t as £ -*°°s 
E' ~E and 0 ~ ij) s i m p l i f i e s 2 . ( i i ) g i v i n g : 
S 3 
2 2 
0 + V (r)0 = E0 2 . ( i i i ) 2m p — a p 
I t should be stressed at t h i s p o i n t t h a t the extension of the Born 
approximation t o neutron-nucleon i n t e r a c t i o n , which w i l l be d e t a i l e d l a t e r 
and i n f a c t , provides the foundation of a l l neutron s c a t t e r i n g theory, i s 
an extremely dubious p r a c t i c e . This i s because i t must be assumed t h a t 
the s h o r t range nuclear forces apply only a small p e r t u r b a t i o n t o the 
neutron and t h i s completely disregards the great size of these f o r c e s . 
1 
However, t h i s c o n t a d i c t i o n has been considered and the judgement i s t h a t , 
outside the range of nuclear f o r c e s , the Born approximation i s v a l i d and 
may be used as a basis f o r the d i s c u s s i o n of neutron s c a t t e r i n g theory. 
Employment of the r e l a t i o n s : 
mv = — and k = — 
— A — A 
where v i s the neutron v e l o c i t y 
X i s the De B r o g l i e wavelength of the neutron w i t h 
energy E 
k i s the neutron wave-vector ( e q u i v a l e n t to i t s 
momentum) 
i n the s u b s t i t u t i o n o f equation 2 . ( i i i ) produces: 
(V 2 + k 2 ) 0 = ^ V ( r ) i/j 2.(iv) 
- ? ^ 2 ~ a 
21, 
2. The S c a t t e r i n g Cross-section of a Single Fixed Nucleus 








I n order t o i n v e s t i g a t e the s c a t t e r i n g problem, consider an i n c i d e n t 
neutron described by a plane wave f o r which the f o l l o w i n g may be defined: 
k , the wave-vector whose magnitude |k| = 2TT/\ = k 
.-10 
lb^, the wave-function = e x p ( i k . r ) 
This i n c i d e n t neutron i s s c a t t e r e d e l a s t i c a l l y by a f i x e d nucleus 
placed a t the o r i g i n which has no po s s i b l e i n t e r n a l e x c i t e d states„ As 
the nuclear forces which give r i s e t o s c a t t e r i n g are s e v e r a l orders of 
magnitude s h o r t e r i n range than the wavelength of thermal neutrons (ca„10 ~~m), 
the neutron must be s c a t t e r e d s p h e r i c a l l y and i s o t r o p i c a l l y . The f o l l o w i n g 
may t h e r e f o r e be defined f o r the s c a t t e r e d neutron: 
s 
k , the wave-vector 
where F i s the s c a t t e r i n g amplitude. 
The f u n c t i o n F, which r e l a t e s the size of the p e r t u r b a t i o n t o the 
r e s u l t a n t s c a t t e r i n g i s a power s e r i e s i n neutron energy: 
the wave-function = —, e x p ( i k . r ) 
l r l 
22. 
2 F = -b + a E + a E e t c . 
JL ^ 
where E i s neutron energy 
b, a^, are constants 
4 -1 
For values of E less than about 8 x 10 cm t h i s reduces t o 
9 
where the constant b i s known as the s c a t t e r i n g l e n g t h , which may be 
complex or r e a l , and i n the l a t t e r case p o s i t i v e or negative. A complex 
value corresponds to neutron adsorption, w h i l s t a p o s i t i v e or negative 
r e a l value r e s u l t s from the r e l a t i v e phases of the i n c i d e n t and scattered 
waves. The magnitude of the s c a t t e r i n g l e n g t h varies not only f o r each 
element, but also f o r each isotope, and i n a d d i t i o n , i s dependent upon 
the r e l a t i v e o r i e n t a t i o n of the neutron and nuclear spins. 
By d e f i n i t i o n : 
N i s the i n c i d e n t neutron f l u x (the number of neutrons (N Q) 
2 
/ u n i t area (L )/unit t i m e ( t ) ) . 
C i s the cross-section ( the t o t a l number of neutrons 
scattered (N ) / u n i t time ( t ) / incident f l u x (N. ) ) . 
s 1 
dQ i s the s o l i d angle ( s i n 9 d9 d0) 
From the above i t may be seen t h a t cr has dimensions of area, N g and 
N being dimensionless: o 
° = * C L ] 2 U ] = [ L ] 2 
The s o l i d angle dQ i s dimensionless and i n consequence the d i f f e r e n t i a l 
dc 
cross-section —— , 
dn 
where dff _ number of neutrons scattered i n t o the s o l i d angle, 
dQ s o l i d angle x time x i n c i d e n t f l u x 
must also have dimensions of area. 
For the s c a t t e r i n g problem which has been o u t l i n e d , the energy of 
2 2 
the s c a t t e r e d neutron must remain t h a t of the i n c i d e n t i . e . & k /2m. 
The t r a n s i t i o n p r o b a b i l i t y from the k to the k' plane wave s t a t e under t h i s 
c o n d i t i o n i s given by Fermi's Golden r u l e : 1 0 
23. 
2.<v) 
where * denotes the complex conjugate 
V ( r ) i s the i n t e r a c t i o n p o t e n t i a l c a u s ing the t r a n s i t i o n 
i . e . the i n t e r a c t i o n between the i n c i d e n t neutron and 
t a r g e t nucleus„ 
P t i s the d e n s i t y of the f i n a l s c a t t e r i n g s t a t e s per 
k 
u n i t energy range. 
E v a u l a t i o n of the term P i r e q u i r e s t h a t the wave-functions a r e normalised 
3 
I n the ca s e of a l a r g e box of volume L , the i n i t i a l and f i n a l s t a t e s may be 
w r i t t e n as: 
10 
L ~ 3 / 2 exp ( i k , r ) and ij) i l T 3 / 2 exp ( i k*.r) 
The d e n s i t y of f i n a l s t a t e s can be found from the perm i t t e d v a l u e s of 
k i n a box: 2fiti x / L , e t c . , where the n's may be p o s i t i v e or 
n e g a t i v e i n t e g e r s or z e r o . There a r e t h e r e f o r e (L/2ff ) dk' dk' dk' 
s t a t e s i n the range dk ! dk3 dk ! of propagation v e c t o r . There a r e many 
d i f f e r e n t f i n a l k' s t a t e s w i t h the same energy corresponding to d i f f e r e n t 
d i r e c t i o n s of k ? w i t h a g i v e n magnitude, so t h a t a s m a l l range of d i r e c t i o n s 
must be con s i d e r e d a t a time. 
Taking the r a t e of t r a n s i t i o n i n t o 
an i n f i n i t e s i m a l element of the 
s o l i d angle dQ , then P^i dE^, i s 
/ equal to the number of s t a t e s i n the 
Incident 
beam 
omomentum s t a t e 
Scattered volume range given by dQ and the 
beam , 2 , 
magnitude element dk ( i . e . k dfidk ) 
where dk corresponds to the energy element dE i ( s e e diagram above): 
24. 
r 2. 12 dE, i ,2. i 
r , . ^ -ft k k h k , ., , Sin c e E, , = — x , —rrr ~ a n d t h e r e f o r e 
k zm dk tn 
p., = k'dn 2 . ( v i ) 
* 8ff V 
The above a p p l i e s only to the case where there i s one i n c i d e n t p a r t i c l e 
3 
i n the volume L . To enable c a l c u l a t i o n of the c r o s s - s e c t i o n the e x p r e s s i o n 
above must be d i v i d e d by the i n c i d e n t neutron f l u x which i s : 
V hk' 1 n r • - \ -=5 = . — 2 . ( v i i ) 
L m L 3 
where V i s the v e l o c i t y of the i n c i d e n t neutrons. 
I n the case of e l a s t i c s c a t t e r i n g where the v e l o c i t i e s of i n c i d e n t and 
s c a t t e r i n g neutrons are equal (k = k ' ) , combining 2 . ( v ) , 2 , ( v i ) and 2 . ( v i i ) g i v e s 
do = P r o b k _ k , / i n c i d e n t f l u x = L 6 ( — ^ ) | J dr i/^TvCr)^| 2d0 
Iffh 
J d r 0 k , V ( r ) 0 k may be expressed using Bra-Ket n o t a t i o n as <k'|v(r) |k> 
and the n o r m a l i s a t i o n s may be c a n c e l l e d y i e l d i n g : 
f = ( - ^ ) 2 | < k ' | v ( r ) | k > | 2 2.(vii£) 
But the s c a t t e r i n g amplitude of the nucleus i s defined as''': 
dO f(k,k') |
2 = |b| 2 2.(ix) 
and t h e r e f o r e f ( k , k ' ) = b = - — ^ <k'| v C r l|k > 2.(x) 
27Tfi 
The s c a t t e r i n g amplitude i n the form shown above may t h e r e f o r e be 
seen to be an e x p r e s s i o n of the t r a n s i t i o n p r o b a b i l i t y . (Note the phase of 
b i s determined from a more rigo r o u s derivation^".) 
From 2 . ( i x ) , the c r o s s - s e c t i o n may be w r i t t e n : 
* - / ( £ ) - ^ 
b) I n e l a s t i c S c a t t e r i n g Case 
When a neutron i n t e r a c t s i n e l a s t i c a l l y with a nucleus, the energy 
of the s c a t t e r e d neutron i s no longer equal to t h a t of the i n c i d e n t , and 
the nucleus changes energy s t a t e . 
I f the i n i t i a l s t a t e of the nucleus i s denoted by X, with energy E , 
A 
and the f i n a l s t a t e i s X 1 w i t h energy E , , then equation 2„(viii) becomes; 
X 
v n 7 k X ' k v 2m <fi 
k, X 
assuming c o n s e r v a t i o n of energy. 
The l a t t e r c o n d i t i o n may be brought i n t o equation 2„(xii) and a double 
d i f f e r e n t i a l c r o s s - s e c t i o n d e f i n e d : 
2 1 2 
(OTEV, ., - ¥ ~ i ) l<H' X'|v ( i)|kx >|26(«„ + E X - EX,) 
k , X 2 . ( x i i i ) 
where cu i s the change i n r a d i a l frequency a s s o c i a t e d with 
' 2 2 2 ^ the s c a t t e r i n g event ! fiio = ft (k -k' ) = E-E' j 
2^ 1 
The D i r a c 6 f u n c t i o n i n equation 2 . ( x i i i ) e x presses the c o n s e r v a t i o n 
3 3 11 of energy i n the n e u t r o n - n u c l e i system. I t may be defined thus: ' 
i f x £ 0 , then 6 ( x ) = 0 
i f x = 0 , then 6 ( x ) = +<» 
SZ 6 ^ d x = 1 
I t i s n e c e s s a r y i n equation 2 . ( x i i i ) to average over a l l the i n i t i a l 
s t a t e s of the nucleus (X ) , which have p r o b a b i l i t i e s , and sum over 
a l l the f i n a l s t a t e s ( X ' ) , i n ordier to obtai n the t o t a l p a r t i a l d i f f e r e n t i a l 
c r o s s - s e c t i o n . I f the quantum numbers X and X' are taken to r e p r e s e n t a l l 
those r e q u i r e d to d e s c r i b e completely the i n i t i a l and f i n a l s t a t e s of the 
26. 
t a r g e t , and c o n s i d e r a t i o n s of the s p i n s t a t e s of the neutron are ignored, 
equation 2„(xiii) becomes: 
0 2 ( & g N _ k' m \- . / - — I 
5rf)E" k lift2' f X f 1, ~ 1 - - X X 
A A 2 . ( x i v ) 
where ^ = 1 
The only form of i n t e r a c t i o n p o t e n t i a l V(£) which r e s u l t s i n i s o t r o p i c 
1 2 3 




V( r ) = b6(r-R) 2,(xv) 
— - m — — 
where R i s the p o s i t i o n v e c t o r of the nucleus, i s t h e r e f o r e introduced as 
a d e v i c e to obtain the s p h e r i c a l l y symmetrical (s-wave) s c a t t e r i n g r e q u i r e d , 
the s i g n of the s c a t t e r i n g l e n g t h being d e f i n e d such t h a t b i s p o s i t i v e f o r 
s c a t t e r i n g by an impenetrable sphere of r a d i u s . 
S u b s t i t u t i o n of equation 2„(xv) i n t o equation 2„(x) y i e l d s f o r R = 0: 
2 
f ( k . k ' ) = - f - 2 - ^ ) b f dr e x p ( - i k ' . r ) 6 ( £ ) exp ( i k . r ) = -b 2 . ( x v i ) 
I n order to c a l c u l a t e the c r o s s - s e c t i o n of a f r e e nucleus, c e n t r e of 
mass co- o r d i n a t e s are used. The nucleus i s again f i x e d a t the o r i g i n 
w i t h an i n t e r a c t i o n p o t e n t i a l V ( r ) , but the i n c i d e n t neutron now has 
reduced mass ( M- ) : 
1 
where M i s the mass of the nucleus 
g 
The d i f f e r e n t i a l c r o s s - s e c t i o n from equation 2„( ix) i s thus: 
_ 2 
5f- = I b | (1 2 . ( x v n ) 
27. 
and t h e r e f o r e the bound atom c r o s s - s e c t i o n (G^) m a v D e r e l a t e d to t h a t of 
the f r e e (O"^) by comparison of equations 2„(xi) and 2»(xvii): 
C f = CTb I 1 + W 2 . ( x v i i i ) 
For the example of hydrogen (M=l): 
af = a b (1 + I ) " 2 « % . | 
4ff|b| 2 L i i . e . cr f = I 1 = ir|b| 
3. S c a t t e r i n g From an Array of N u c l e i 
I n the case of a r i g i d a r r a y of N n u c l e i , where the p o s i t i o n v e c t o r 
of the X t h nucleus i s represented by R , and i t s s c a t t e r i n g l e n g t h by b , 
the i n t e r a c t i o n p o t e n t i a l becomes; 
V ( ^ = ^ I b i 5 ( ^ 2 - ( x i * > 
F2 
.2 
Hence < k ' | V ( r ) | k > = ^ ~ Y b„ I dr e x p ( - i k r)6(r-R„) e x p ( i k . r ) 
m jt, — — ^ — — 
lir'h2 £ b exp(iO.R.) 2.(xx) m L, Z r - -X 
where Q i s the s c a t t e r i n g v e c t o r and the r e l a t i o n •fiQ = •fiik-k ') 
r e p r e s e n t s change i n momentum. 
From equations 2 . ( x i v ) and 2,(xx) may be obtained the e x p r e s s i o n : 
t r r r ) = r I \ I I I I \ ^VUO.R,)] X> | 2 S C ^ v V 2 . ( x x o 
™ E X X ' SL 
I n g e n e r a l : 
( i ) Any operator which r e p r e s e n t s a p h y s i c a l observable must be 
12 Hermitian, i . e . i t may be s t a t e d t h a t : 
28. 
< m A n > = < n A m > 2 . ( x x i ) a 
where A i s an operator 
i n d i c a t e s an operator i n matrix form 
( i i ) The Hermitian a d j o i n t A + of a matrix operator A i s the matrix 
obtained by i n t e r c h a n g i n g rows ( r ) and columns ( c ) and t a k i n g 
the complex conjugate of each e l e m e n t : ^ 
+ * A A r c c r 
+ -* and A = A r c r c 
where denotes the transpose of the matrix 
i .e. A = A 
r c c r + 12 
But f o r a Hermitian matrix A = A and t h e r e f o r e : 
+ -# * A = A = A = A = A o s • \u c r r c r c r c c r 2„(xxi)b 
(Note: i n the above equations the * nomenclature f o r a matrix operator has 
been l e f t out to avoid c o n f u s i o n . ) 
( i i i ) From equations 2„(xxi)a and 2„(xxi)b may be w r i t t e n : 
< ra A n > = <- n A m > v = < n A m > ' r c ' ^ 1 r c 1 1 r c 1 
( i v ) The product of two matrix operators i n Bra-Ket nomenclature may 
be represented: 
< m I B I X > I < X I C I n > = < m | B C | n > 2 . ( x x i ) c 
Therefore r e t u r n i n g to equation 2 . ( x x i ) : 
( - ^ - > .... I < X ' l i b expUQ.R ) | X > | 2 .... 
I 
( ^ 7 ) " I < V I I b A ' e x p C i ^ , ) I \ > < X » | [ b A expUQ.R^) | X > 
29. 
Using the Hermitian p r o p e r t i e s d e t a i l e d p r e v i o u s l y , the f i r s t 
thermal average may be transformed i n t o i t s complex conjugate, and the 
matrix operator may be transposed y i e l d i n g : 
( ~ y •••• I < X I y b V e x p(-iQ.R ,) I X' > < X* | V b expUQ.R ) j X 
a f t e r equations 2„(xxi)aand 2„(xxi)b„ 
Re w r i t i n g the above g i v e s from equation 2„(xxi)c 
, * •••• I < X | ( Y b*^, e x p ( - i Q . R ^ ) ) ( Y B& expCiQ.R^)) | X > 
and u s i n g the r e l a t i o n 
Z b exp B j (jC b exp B„, J = £ b h exp (B + B,,, p P p/ VT T v 1 J pT p T \ p T 
produces: 
( ^ j * ••• I < * I s , t>*j. bX exp(-iQ.R^, + iO.R^) | X > ... 
£ b* ,b < X | exp(-iQ.R , + iQ.R ) | X > . 
tt 2 b* ,b„ <" X | e x p ( i g . (R.-R,,)) | X > . 
iV 1 
Therefore equation 2 . ( x x i ) becomes: 
2 
( W ) = F " ^ , b V \ ^ , PX I < X I e x p d S . U ^ , ) ) ! X > | 6 ( h a + E x - V ) 
2 . ( x x i i ) 
where b^, r e f e r s to the c o n t r i b u t i o n to the s c a t t e r i n g 
l ength r e s u l t i n g from the i n t r i n s i c s p i n of 
the X T H nucleus (see l a t e r ) , 
b^ r e p r e s e n t s the f a c t that the s c a t t e r i n g length 
i s dependent upon which i s o t o p e c o n s t i t u t e s the 
X t h nucleus (see l a t e r . ) 
30. 
I n the case of r i g i d l y bound n u c l e i , the only d i s t u r b a n c e caused 
by a neutron can be r e d i s t r i b u t i o n of n u c l e a r s p i n s and i s t o p e s . N e i t h e r 
of these p r o c e s s e s i n v o l v e s a change of energy s t a t e , and the s c a t t e r i n g 
i s t h e r e f o r e e l a s t i c , causing the energy dependence expressed by the d e l t a 
f u n c t i o n to di s a p p e a r . The sum over X may be performed because there i s 
a c l o s e d s e t of f i n a l s t a t e s and equation 2 . ( x x i i ) may be expressed: 
( ^ ) = = C - p C i Q . O V V ) ] b * ^ 2 . ( x x i i i ) 
jj JL 
where b. i b. denotes the value of b , b averaged over 
Xt JL Jl Jo 
both random n u c l e a r s p i n o r i e n t a t i o n s and 
isot o p e d i s t r i b u t i o n s , i . e . b* , b = £ p < X|b* ,b \\ > 
X/ Jo X 
As the value of b^ depends both upon the iso t o p e a t R^ and i t s 
n u c l e a r s p i n , i f I and JL' r e f e r to d i f f e r e n t s i t e s there can be no 
c o r r e l a t i o n between b^ and b^i , i . e . 
for tfA< ; b ^ T b - = b V b £ = |b| 2 
for X=A' ; b * £ ( b x = | b j 2 = |b| 
, ~ 2 / 2 *" 2*\ and i n g e n e r a l ; b* , b = |b| + 6 (|b| - |b| ) 2. ( x x i v ) 
where b| i s the square of the mean 
i . e . i t has the form + ^ + ^ ) 
2 
lb| i s the mean of the squares i . e . i t has 
, h , 3 2 + 4 2 + 5 2 the form 
6 i s an e x p r e s s i o n of the f a c t t h a t f o r Jb= &', 6 = 1 
o a ' 
and f o r I ± 6 = 0 
I t may be seen from comparison of equations 2 . ( x x i i i ) and 2 . ( x x i v ) that 
the d i f f e r e n t i a l c r o s s - s e c t i o n may be represented by a sum: 
FBG\ = ( B ^ 
\BC>J Von/ coh + 
5e 
incoh 
where the coherent d i f f e r e n t i a l c r o s s - s e c t i o n 
(|^) = |b| 2 E ( e x p ( i Q . ( R e - R r ) ) = |b| 2| E expCiQ.R^) 
coh 
2.(xxv) 
and the inc o h e r e n t d i f f e r e n t i a l c r o s s - s e c t i o n 
(bo) incoh (N
2-R 2) S exp(iQ.(R -R ) ) 
1=1 
(|b| 2-|b| 2)N = |b-b|2N 2.( x x v i ) 
I n p h y s i c a l terms, the coherent and incoherent s c a t t e r i n g p rocesses 
are r a d i c a l l y d i f f e r e n t . I n the former case,the c r o s s - s e c t i o n i s 
s c a t t e r i n g p o t e n t i a l p r o p o r t i o n a l to b. I n consequence strong i n t e r f e r e n c e 
e f f e c t s are produced between waves s c a t t e r e d from each n u c l e u s . These are 
such t h a t , i n the case of a c r y s t a l , coherent s c a t t e r i n g may only take p l a c e 
i f s t r i c t g e o m e t r i c a l c o n d i t i o n s are met. 
For i n c o h e r e n t s c a t t e r i n g the c r o s s - s e c t i o n i s p r o p o r t i o n a l to the 
mean-square d e v i a t i o n I b-'o I , and the process r e s u l t s from d e v i a t i o n s from 
the mean s c a t t e r i n g p o t e n t i a l which are randomly d i s t r i b u t e d . As a r e s u l t 
of t h i s randomness, there can be no i n t e r f e r e n c e , and the c r o s s - s e c t i o n i s 
completely i s o t r o p i c . An obvious c o r o l l a r y of the form of the in c o h e r e n t 
s c a t t e r i n g c r o s s - s e c t i o n i s that i f a sample comprises only one i s o t o p e 
w i t h no s p i n , then b = b and there can be no incoherent s c a t t e r i n g . 
4. Coherent and Incoherent S c a t t e r i n g Lengths 
a) S c a t t e r i n g l e n g t h independent of s p i n 
2 and the neutron may be thought to see a mean p r o p o r t i o n a l to b 
When n u c l e i c s p i n s are ignored, the only v a r i a b l e which r e q u i r e s 
c o n s i d e r a t i o n i s the i s o t o p i c d i s t r i b u t i o n . I f an i s o t o p e M i s taken which 
has a s c a t t e r i n g l e n g t h b^, and a c o n c e n t r a t i o n c^, then: 
b = E CMbM 2„(xxvii) 
M 
and | b p = £ c M | b M | 2 2 . ( x x v i i i ) 
b) S c a t t e r i n g Length Independent of Isotope 
I n t h i s c a s e the i n t e r a c t i o n depends only upon the s p i n s of the 
nucleus ( i ) and the neutron (§) which g i v e r i s e to s t a t e s of t o t a l s p i n 
(i+£) or (i-£)„ corresponding to s c a t t e r i n g l e n g t h s b + and b „ As ther e 
a r e 2 t + l s t a t e s of t o t a l angular momentum (t)„ t h e r e a r e 2 ( i + | ) + l s t a t e s 
of s p i n ( i + | ) and 2(i-£)+l s t a t e s of s p i n ( i - | ) . Thus 
^ . . (2i+2) i + 1 The p r o b a b i l i t y of i n t e r a c t i o n = ( 2 i + 2 ) + 2 i = 2i4-l 
i n the (i+k) s t a t e 
2 i 
and the p r o b a b i l i t y of i n t e r a c t i o n = ( 2 i + 2 ) + 2 i ~ 
, 1 ^  2 i + l i n the (i-£) s t a t e 
Hence 
and |b|^ 
c ) General E x p r e s s i o n f o r S c a t t e r i n g l e n g t h 
Two g e n e r a l forms,one f o r coherent s c a t t e r i n g l e n g t h , and one f o r 
in c o h e r e n t s c a t t e r i n g l e n g t h , may be obtained by combining the e x p r e s s i o n s 
f o r the s p i n independent and i s o t o p e independent c a s e s d i s c u s s e d p r e v i o u s l y : 
^ C M 2 i ^ T I ( ( LM + 1 ) B +M + IM B'M) 2 ° ( X X X I > 
from equations 2„(xxvii) and 2„(xxix) 
a n d I 1 5 ' ' = * % 2 i ~ U ((hl+l^hV + ^ I ^ M I 2 ) 2„(xxxii) 
from equations 2 0 ( x x v i i i ) and 2 0 ( x x x ) 
d) C o n s i d e r a t i o n of the C r o s s - s e c t i o n s of Hydrogen 
F o r hydrogen, i = |, b + = 1.04 x 1 0 = 1 4 m and b = ~4„74 x 10~ 1 4m. 
Hence from equ a t i o n 2„(xxxi) 
„ j- „ - -14 b + | b + J b = 0„375 x 10 m 
and from eq u a t i o n 2»(xxxii) 
" | 2 _ a k+|2 + i | b - | 2 ^ -28 m 2 
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"fl" 1 barn i n - 2 4 2 lO m 
But CT oh = ^ !°l from the i n t e g r a t i o n over 4T of equation 
C 2.(xxv) 
and <j. , = 4-7? b"b from the i n t e g r a t i o n over 477 of equation incoh 
2 . ( x x v i ) 
„ 2g 2 Therefore 0 , = 1.77 x 10 m coh 
and 0\ . = 79.83 x 1 0 _ 2 8 m 2 incoh 
The value of the i n c o h e r e n t c r o s s - s e c t i o n of hydrogen i s l a r g e r than 
th a t of any other i s o t o p e by a f a c t o r of twenty (Table 2 . 1 ) . I t i s 
t h e r e f o r e a good assumption i n most hydrogenous systems ( i . e . s u b j e c t to 
c o n c e n t r a t i o n ) t h a t the t o t a l inchoherent c r o s s - s e c t i o n w i l l be dominated 
by t h a t of hydrogen. 
5. D e r i v a t i o n of the S c a t t e r i n g Law 
From equation 2 . ( x x i ) , the e x p r e s s i o n f o r the double d i f f e r e n t i a l c r o s s -
s e c t i o n i n the c a s e of s c a t t e r i n g by an a r r a y of n u c l e i i s ; 
2 
S l f i ' = F " 2 P A S , I < X ' I E h A expCiS.R^) I \ > | 2 6 ( f i a + E x - E x , ) 
X \ • a 
Equations of the type shown above may be w r i t t e n i n terms of the 6 
11 
i n t e g r a l : 
1 r + m 
6(x) = — J_ ^ exp(-ixt)dt 2 . ( x x x i i i ) 
Therefore the $ f u n c t i o n i n 2 . ( x x i ) may be expanded thus: 
-f.05 
6 ( * « * E r E x .) - 2SS J_ w dt e x P ( ^ ( ^ E x - E x , ) ) 2. ( x x x i v ) 
S u b s t i t u t i n g 2 . ( x x x i v ) i n 2 . ( x x i ) g i v e s : 
A A I 
T h i s may be expanded analogously to the previous example (equations 2„(xxi) 
e t seq„) producing: 
,2. x , , , „+« 
!t exp(-iait] 
XX 
(w) = F " 2 ^ f d t e x p ( - i a ) t ) E f P x < X\T e x p ( i 5 . R ) | X' > 
x < X ' | E b* £, e x p ( ^ ) e x p ( - i Q . R ^ , ) e x p ( ^ ) | X > 
2.(xxxv) 
where H i s the Hamiltonian operator of the t a r g e t 
system 
and E , are eigen values of the t a r g e t 
A X 
system 
The system above may be d e s c r i b e d i n terms of time-dependent Heisenberg 
operators from the equation: 
idR , ( t ) 
= R , ( t ) H - f k , ( t ) 2„(xxxvi) dt x' x 
= [ R x , ( t ) 5 H] 
where [ , ] denotes a commutative r e l a t i o n s h i p 
R x i ( t ) i s the time-dependent operator 
which i s the s o l u t i o n to 2„(xxxvi) 
Thus we define: 
e x p U Q . R f o ) ) = e x p ^ ^ V x p C i Q . R j e x p f ^ J ^ ) 2 , ( x x x v i i ) 
and exp(iQ.R^, ( t ) ) = exp(-^Jexp ( i Q.R J e x p ( — ^ ) 2„(xxxviii) 
The s u b s t i t u t i o n of equations 2„(xxxvii) and 2„(xxxviii) i n t o 2.(xxxv) 
and the summation over the f i n a l s t a t e s which are a c l o s e d s e t y i e l d s : 
36. 
W = IT 2fffi J--dt e x p ( ~ i c , t ) ^ ) b ^ < < e x p ( i Q . R i ( o ) ) e x p ( - i Q . ^ I ( t ) ) > > 
2 . ( x x x i x ) 
where « . » s i g n i f i e s the thermal average 
average E P, < X | . . . | X > 
X X 
Averaging over X ( p r o b a b i l i t y P^) r e q u i r e s an average over 
the i n i t i a l s t a t e s of the n u c l e i which are present as a Boltzmann d i s t r i b u t i o n : 
, "Ex 
px = — r -
where Kg i s the Boltzmann constant 
T i s the temperature i n K 
2 i s the p a r t i t i o n f u n c t i o n = 
/-H ^ 
Trace exp yjj^J • Where t r a c e 
B 
r e p r e s e n t s the sum of the diagonal 
elements of a matrix whose elements 
are of the form < X . I H| X . > 
i J 
The thermal average may t h e r e f o r e be s t a t e d as: 
« » = T, { ~ < X I I X > 
X Trace e x p ( ^ _ ) 
B 
I f the value of b« i s independent of £, b b , v f f t may be taken outside 
the sum over A and equation 2„(xxxix) may be formulated: 
& 2a „ k' N f - b b* , S(Q 5aO 2. ( x l ) b f ^ E 1 ~ " k viu JL 
where S(Q,ao) = J - ~ d t e x p ( " i w t ) S « e x p ( i Q . R ; ( o ) ) e x p ( - i Q . R £ l ( t ) ) » 
2 . ( x l i ) 
The above equation i s s u i t a b l e for a l l cases where there i s only one 
chemical s p e c i e s p r e s e n t , or where the s c a t t e r i n g of one s p e c i e s predominates 
over a l l others„ From p r e v i o u s d i s c u s s i o n of the anomalously h i g h i n c o h e r e n t 
c r o s s - s e c t i o n of hydrogen.it may be seen t h a t the l a t t e r c o n d i t i o n may be 
a p p l i e d to most hydrogenous systems,, 
The t h e r m a l l y averaged c o r r e l a t i o n f u n c t i o n S(OjU)) d e f i n e d above 
i s known as the S c a t t e r i n g Law and a l l o w s d e s c r i p t i o n of dynamics of the 
s c a t t e r i n g system i n terms of the measurable parameters o f momentum t r a n s f e r 
(ftQ) and energy t r a n s f e r (fiuj) • 
Analogously w i t h equations 2„(xxv) and 2 0 ( x x v i ) may be w r i t t e n : 
fefe) u = N r I'H'W^^ 2-<*iii) 
coh 
( W ) . = N F ' ^ ^ i n c o h ^ 2 ' ( x l i l i ) incoh 
where S ^ O ^ U J ) = 7 — J ^ d t e x p ( - i u j t ) E « exp(iQ.R ( o ) ) e x p ( - i g . R , ( t ) ) » 
2 . ( x l i v ) 
-J-CO 
S i n c o h ( ^ a , ) = 2db.f-« d t exp(-io)t) E « exp(iQ. R (o) )exp(-iQ„R ( t ) ) » 
0 
2 . ( x i v ) 
6„ The C o n d i t i o n of D e t a i l e d Balance 
~ 1 A f u n c t i o n S(Q.co) may be de f i n e d : 
S(<2,o>) = ^ ( ^ r ) S ( 5 ' w ) 2 . ( x l v i ) 
B 
where tiw i s p o s i t i v e f o r neutron energy g a i n 
so t h a t the S c a t t e r i n g Law i s made symmetrical„ That iq, i n p h y s i c a l terms 
i t i s a r e p r e s e n t a t i o n of the f a c t t h a t , w h i l s t the p r o b a b i l i t y of an up-
s c a t t e r i n g event (i„e„ the neutron g a i n i n g energy % ) i s eq u a l to t h a t of 
a d o w n - s c a t t e r i n g event (i 0© 0 the neutron l o s i n g energy-nou ) p the energy 
l e v e l p o p u l a t i o n s capable of u p - s c a t t e r i n g are g r e a t e r than those f o r 
d o w n - s e a t t e r i n g 0 
38. 
7„ C o r r e l a t i o n F u n c t i o n s 
The p h y s i c a l dynamics of the s c a t t e r i n g law may be more c l e a r l y 
v i s u a l i s e d i f S(Q,<n) i s thought of as the double F o u r i e r Transform (over 
1 3 8 11 13 
space and time) of the f u n c t i o n G ( r , t ) ' ' ' * , the P a i r C o r r e l a t i o n 
F u n c t i o n : 
S(2,u)) = S c o h ( Q , t u ) = 2w^ N J J e x P ( - i ^ t - Q . r ) ) G ( r , t ) d r dt 
3 
where G ( r , t ) = ( ~ ) | dQ e x p ( i Q . r ) | £ « exp(iQ.fi (o) )exp(-iQ.R ) ), ( t ) ) » 
2.(xlvii) 
11 and a F o u r i e r Transform may be g e n e r a l l y defined: 
I f f ( X ] L , x 2 . . . . . . x ) = ( l ^ r J J . . . , f F ( y r y 2 . . . . y n ) e x p ( + i ( x i y i + x 2 y 2 + . . . x n y n ) ) 
d y r . . . d y n 
then F ( y l f y 2 . . . y n ) = J ] . . . . ] f ( x ^ x ^ . . x n ) e x p ( - i ^ y ^ y ^ . . . x ^ ) ) . . . d x n 
Except when t=0, the two operators exp(iQ. R ^ ( o ) ) and expdQ.R^, ( t ) ) 
i n equation 2 . ( x l v i i ) do not commute and t h e i r product may not be s e t equal 
to: 
exp(iQ. ( R x ( o ) - R , ( t ) ) 
However, s i n c e the term e x p ( i Q . r ) commutes with the other 
o p e r a t o r s , i t may be inc l u d e d w i t h the brackets r e p r e s e n t i n g the quantum 
2 13 
mechanical averaging,' y i e l d i n g from equation 2 , ( x l v i i ) : 
3 
G ( r , t ) = ! £ « (~j JdQ exp ( i 5.r)exp(iQj.R j J(o))exp ( - i 5.R , ( t ) ) » 2 . ( x l v i i ) < 
Furthermore, i t i s a property of F o u r i e r Transforms t h a t the transform 
2 
of a product may be w r i t t e n as a convolution of the transforms „ Employing 
the three-dimensional 6 f u n c t i o n : 
6(Q'-Q) = J d r ' exp i ( 5*-Q)r' 
2 
as a F o u r i e r i n t e g r a l produces from above : 
3 
G ( r , t ) = | £ [dQjV 6 ( Q * - Q ) e x p ( i Q . r ) e x p ( i O . R / o ) ) e x p ( - i Q , . g ( , , ( t ) ) 




Expanding the Delta f u n c t i o n and re-arranging then gives: 
G ( r , t ) = -jjj £ « (-—) jdoJdQ'jdr' exp( iQ.(r-r' ) )exp( iQR (o) ) exp(iQ! r ' ) exp 
(-iQ.'R £ l(t)) 
1,8,13 2 . ( x l v i i ) c 
G ( r , t ) [ d r 1 « 6(r-r'+R ( o ) ) 6 ( r 1 - R , ( t ) ) » 2 . ( x l v i i i ) 
Because the operators do not commute, the p h y s i c a l r e p r e s e n t a t i o n 
of the f u n c t i o n i s obscure and may only be r e a d i l y seen when the c l a s s i c a l 
l i m i t i s considered,, I n t h i s case, a l l the n u c l e i are equivalent and the 
average may be discarded. Furthermore the 6 f u n c t i o n s may be combined and 
1 8 13 
so equation 2„(xlviii) becomes ' ' : 
G C l ( r s t ) = < 6(r-R„(t)+R ( o ) ) > — - I or 
where the s u b s c r i p t " o r " r e f e r s to a nucleus i 
placed at the o r i g i n 
The Pair C o r r e l a t i o n Function t h e r e f o r e represents the p r o b a b i l i t y t h a t 
i f a nucleus i s at the o r i g i n a t time t=0, then some nucleus ( i n c l u d i n g the 
p o s s i b i l i t y of the same one) w i l l be a p o s i t i o n £ at time t = t . 
Just as the S c a t t e r i n g Law may be d i v i d e d i n t o S ^(Q,a' ) and S. , (Q. uo ) 
coh — incoh — 
(equations 2„(xliv) and 2„(xlv))t so may the expression G Or, t ) . Therefore 
analogously t o equation 2„(xlviii), the S e l f - P a i r C o r r e l a t i o n Function, G g ( r , t ) 
may be defined: 
G ( r , t ) = ^  £ f d r ' « 6(r-r'+R (o)) 6(r'-R ( t ) ) » 2. ( x l i x ) s - N { J - X — I 
d e s c r i b i n g the case where , and which on Fourier Transformation y i e l d s 
S. , (Q, tii ) . incoh --' 
1.8,13 
Again considering the c l a s s i c a l l i m i t , the above expression becomes ; 
G C l ( r , t ) = < 6 ( r - R (t)+R ( o ) ) > s — — or or 
which i s the p r o b a b i l i t y t h a t i f a p a r t i c u l a r atom i s at the o r i g i n a t time 
40. 
The C o r r e l a t i o n Functions G^ir.t) and G ( r , t ) 
P l o t t e d i n the L i m i t i n g Cases of Short lnd~Long Times 
Short tfmes 
Long times 
t - 0 f then the same atom w i l l be a t a p o s i t i o n r a t time t=t„ 
I n g e neral, a t time t=0, the operators i n equation 2 . ( x l v i i i ) commute 
1 8 
and the equation s i m p l i f i e s t o ' : 
G(r,0) = 6(r) + T « 6(r-R,+R ) » 
A'for ~ 1 o r 
2.(1) 
where 6 ( r ) a r i s e s from the s p e c i f i c 
case of 
S i m i l a r l y at time t=0, equation 2 . ( x l i x ) may be w r i t t e n 1 * 8 ; 
G s(r,0) = 6 ( r ) 2 . ( l i ) 
41. 
Comparing equations 2.(1) and 2 . ( l i ) , i t may be seen t h e r e f o r e t h a t the 
Pa i r C o r r e l a t i o n Function i s a sum of the S e l f - P a i r C o r r e l a t i o n Function, 
and of another f u n c t i o n which may be represented as G ( r , t ) and i s c a l l e d 
d — 
the S t a t i c ( D i s t i n c t ) Pair C o r r e l a t i o n Function: 
G , C l ( r , t ) = S < 6(r-R„(t)+R ( o ) ) > 2 . ( l i i ) 
Thus the S t a t i c Pair C o r r e l a t i o n Function i s a statement of the p r o b a b i l i t y 
t h a t i f a p a r t i c l e i s at the o r i g i n a t time t=0, then a d i f f e r e n t p a r t i c l e 
w i l l be at a p o s i t i o n x_ at time t = t„ 
8. S c a t t e r i n g from Molecules 
The expression f o r the Scat t e r i n g Law (equation 2 . ( x l i ) ) : 
1 f + C 0 S(Q,to) = J d t e xP (" i ( J u t ) E « exp(-iQ.R (o))exp(iQ.R , ( t ) ) » 2 . ( l i i i ) 
' -co itf * 
i s i n the form of time-dependent Heisenberg operators, R ^ ( t ) , which are 
fu n c t i o n s of R the p o s i t i o n vector of the & t h s c a t t e r i n g nucleus. When 
considering s c a t t e r i n g from a molecule a more s o p h i s t i c a t e d p o s i t i o n vector 
14 
i s r equired t o take i n t o account the o r i e n t a t i o n of i n space . The 
ve c t o r Rg, f o r a f i x e d nucleus, i s t h e r e f o r e expanded as: 
H = ^ i + h + ^ 2 - ( l i v ) 
where i s the centre of mass p o s i t i o n vector 
of the molecule c o n t a i n i n g the j& t hatom. 
i s the e q u i l i b r i u m p o s i t i o n vector of the 
s c a t t e r i n g atom r e l a t i v e t o the centre of 
mass „ 
i s the displacement vector of the atom 
from the mean. 
In order t o represent the free r o t a t i o n of the molecule about the centre 
of mass, i t i s necessary f u r t h e r t o expand both b. and u. as functions of fi, 
the molecular o r i e n t a t i o n . 
42. 
8 By D e f i n i t i o n : 
bg = I ^ ( n ) - dimensions of l e n g t h 2 . ( l v ) 
where b^ = |b^| i s the mean distance from the centre 
of mass (Dimension = L ) 
][ ( Q ) i s a u n i t vector (Dimensionless -
d i r e c t i o n a l o n l y ) 
Q i s the set of Euler angles f i x i n g 
the o r i e n t a t i o n of the molecule 
H f = ^ -Z c j t ~ d i m e n s i o n o f l e n g t h 2 . ( l v i ) 
A A , . 
where ( Q ) i s a u n i t vector (Dimensionless -
conveys sense of d i r e c t i o n o n l y ) 
c i s an amplitude (Dimension = M 2 ) 
q.(t) i s a normal coordinate (Dimensions = 
"A i 15 M 2L) (From Cyvin , i t can be shown 
t h a t , f o r a harmonic o s c i l l a t o r , 
« q » = — coth 2(0 2 ^ 
X i s an index denoting a normal mode 
( A = 1 , 2 . . . , 3 N - 6 (or 3N-5 f o r a 
l i n e a r molecule), where N i s the number 
of atoms comprising the molecule) 
M i s the mass of s c a t t e r i n g atom 
Each £ b and u i s time-dependent and may be w r i t t e n i n Heisenberg 
r e p r e s e n t a t i o n i n the thermal average s i m i l a r l y t o R i n equation 2 . ( x l i ) : 
AJ 
1 
S(0,u)) = J dt exp(-iu)t) E (E P n < 0 J exp{ - iQ. (c ;(o)+6 £(o)+u ;(o))} x 
x e x P { - i Q . ( c x I ( t ) + 6 ; , ( t ) + f i £ , ( t ) ) } | J / n > 2 > ( l v i i ) 
Now from t h e i r d e f i n i t i o n s , i t may be seen t h a t Cg represents t r a n s l a t i o n a l 
motion, b o v e r a l l molecular r o t a t i o n s and v i b r a t i o n s , and u i n t e r n a l v i b r a t i o n s 
of the molecule„ 
43, 
I f Heisenberg operators commute w i t h each other, they may be considered 
independent. Considering equation 2 . ( l v i i ) , the operator c ^ ( t ) does commute 
w i t h a l l the others and may be separately averaged as; 
« exp(-iQ.c,(o))exp(iQ.c„(t)) » 
However, the operators bg ( t ) and u ^ ( t ) do not commute as a r e s u l t of 
t h e i r mutual dependence on Q . Therefore the operator averages of 'b^(t) 
and u ^ ( t ) may not s t r i c t l y be separated, and t h i s represents the f a c t t h a t 
the displacement vectors u^ may r o t a t e , as a r e s u l t of molecular motion, 
d u r i n g the f i n i t e time of the s c a t t e r i n g event. 
I n order t o circumvent t h i s problem, i t must be assumed, as a f i r s t 
approximation, t h a t the operators u ^ ( t ) and b^(t) do commute and t h e r e f o r e 
8 
can be separately averaged 0 However the c o r o l l a r y of t h i s approximation 
i s t h a t experimental studies of v i b r a t i o n a l s t r u c t u r e w i l l always include 
r o t a t i o n a l terms, assuming the molecule i s able to undergo the 
l a t t e r process. 
Therefore S(Q sto) may be w r i t t e n from equations 2 ^ x l i ) and 2 . ( l v i i ) 
4- 00 i r S(Q,U)) = 2=frN J d t e x P ( - i u j t ) £ « exp(-iQ.£ (o))exp(iQ.c . , ( t ) ) » 
-co ££' * * 
« exp ( - i 3 . b ^ ( o ) ) e x p ( i Q . b J j , ( t ) ) » 
« exp(-iQ.u„(o))exp(iQ.u ( t ) ) » ....... 
— I — l 2. ( l v i n ) 
The Fourier Transform of a product i s a convolution'1''1' and t h e r e f o r e the 
above equation may be st a t e d : 
S ( ^ } = S t r a n s ( 5 ' ^ ® S r o t(Q»co) ®S v. b(Q,cn) 
where ® denotes a convolution which may be defined: 
+a> 
H(x) = f ( X ] _ ) ® gCx^ = J f ( x 1 ) g ( x - x 1 ) d x 
-CO 
e.g. S(Q,a0 = !stTans(Q>u'^vot(Q,w')du' 
9. The S c a t t e r i n g Law f o r V i b r a t i o n s 
As the v i b r a t i o n a l c o n t r i b u t i o n to the t o t a l s c a t t e r i n g can be separated 
from those of r o t a t i o n and t r a n s l a t i o n t o a good approximation (see previous 
d i s c u s s i o n ) , the problem may be discussed i n terms of the thermal average: 
« X A J« > ; > = « e x p ( - i g . u j J ( o ) ) e x p ( i 3 . u , ( t ) ) » 2 . ( l i x ) 
Following Zemach and Glauber , the displacement vector of the % 
nucleus (u ) from i t s e q u i l i b r i u m p o s i t i o n (b t f) may be defined ( t a k i n g the 
molecular centre of mass as the o r i g i n ) so t h a t (cf.equation 2 . ( l v i ) ) ; 
u / t ) = Z c X q ^ ( t ) 2 . ( l x ) 
^ X t h where £ i s the amplitude vector of the I 
As 
t h 
atom i n the X normal mode 
(Dimension of M 2 ) 
The normal modes are dynamically independent, t h e r e f o r e i t i s possible 
to separate t h e i r e f f e c t s on the s c a t t e r i n g . Furthermore, normal coordinates 
of d i f f e r e n t modes commute w i t h one another, and thus the exponential f u n c t i o n s 
of Q ^ (t) may be w r i t t e n as products of exponentials, one f o r each mode: 
exp(iQ.u ( t ) ) = exp(iQ.£c X q. ( t ) ) 
I x JL X 
= e x p { i ( g . c A q x ( t ) + )} 
= 'J^expCiQ.c^ q x ( t ) ) 2.(Lxi) 
Expressing the thermal d i s t r i b u t i o n f o r the whole molecule as a product 
of f a c t o r s , one f o r each mode,results i n : 
X 
= r f < < : X 
= 1 ^ f « e x p ( i 0 . c ; X q A ( t ) ) e x p ( - i Q . c x , A \(o)) » 
k J 2 . ( l x i i ) 
As averages take the same form f o r each normal mode, the index X w i l l be 
dropped and the subsequent expressions w i l l apply to one p a r t i c u l a r mode. 
A normal coordinate q ( t ) (equation 2.(lx)) may be defined as the coordinate 
of a one-dimensional harmonic o s c i l l a t o r w i t h mass M (which w i l l be taken as 
equal to u n i t y ) and angular frequency dN : 
45. 
q ( t ) = (a e x p ( - i ( 0 t ) - a+ e x p ( i u j t ) ) 2 . ( l x i i i ) 
-J-
where a and a' are the time-independent 
operators which cause the 
o s c i l l a t o r eigen f u n c t i o n s 
t o give the eigen f u n c t i o n s 
of the next lowest/highest 
s t a t e . They have the 
f o l l o w i n g p r o p e r t i e s : 
[ a j a + ] = I and 
[ a , a] = [ a + , a + ] = 0 
Using the r u l e exp A expB = exp(A + B + ^ [ A , B ] ) , 1 
each normal mode may be w r i t t e n as s i n g l e exponential f u n c t i o n s whose 
arguments are displaced o s c i l l a t o r coordinates: 
« X M « » = « e x p ( i Q . c j ? q ( t ) ) e x p ( - i Q . c ^ , q ( o ) ) » 
= « e x p { i ( Q . c ^ q ( t ) - Q. c , q ( o ) ) } exp{ %(Q. c £ ) (Q. c^ ) [ q ( t ) , q(o) ] } » 
2.(Ixiv) 
The average above may be evaluated by a modified form of Bloch's theorem,' 
whereby i f M i s any m u l t i p l e of an o s c i l l a t o r coordinate or a l i n e a r combination 
of them: 
2 
« exp M » = exp(-^ « M » ) 
Equation 2.( l x i v ) t h e r e f o r e becomes 
+ (Q.c ) ( ( ] . c ,) « q ( t ) q ( o ) » 1 2 . ( l x v ) 
2 2 where the expectation values of q ( t ) equal those of q ( 0 ) . 
The term « q ( t ) q ( o ) » m a y be expanded according to equation 2 ( l x i i i ) and 
46. 
the commutation r u l e s applied to give: 
« q ( t ) q ( o ) » = ( ~ ) ( « aa + » exp(-icut) + « a+a » e x p ( i a i t ) ) 
\-^J ( ( « n » + l) e x p ( - i c u t ) + « n » exp(iu?t)) 2.(lxvi) 
where « n » = « a +a » 
« n » + 1 = « aa + » 
« n > ; > i s thermally averaged e x c i t a t i o n 
quantum number of the o s c i l l a t o r 
Now « n » may be w r i t t e n i n terms of a f u n c t i o n representing the 
occupancy number of the energy l e v e l under con s i d e r a t i o n : 
1 « n » = (Z-l) 
where Z equals exp 
kbtJ 
Equation 2.(l x v i ) t h e r e f o r e becomes: 
« qft>q(o) » = ( 2 < " ( t f " 1 ) ) (Z exp(-iojt) + exp(uut)) 2 . ( l x v i i ) 




S u b s t i t u t i n g equations 2„(lxvii), 2 , ( l x v i i i ) i n t o equation 2.(lxv ) y i e l d s : 
« X M . » = e x p | - % ( ( Q . c x ) 2 + (Q.c£,)2) 
f i ( Z + l ) 1 J' w „ . 
J- I-
t i Z 2 ( Z 2 exp(-ipjt) + Z~ 2 e x p ( i u ? t ) \ O M . V . 
X " 2tu(Z-l) J 2.(lxix) 
Equation 2.(lxix ) may be r e w r i t t e n by s u b s t i t u t i n g f o r the second 
of the two exponential f a c t o r s a modified Bessel f u n c t i o n 1 6 ' 1 8 of the form: 
where I ( x ) i s the n t h order modified Bessel n 
f u n c t i o n of the f i r s t kind i . e . 
j s \ % ( - l ) a ( * / 2 ) b + 2 a 
I (X) = h j-r- r - j — 
n a = 0 a!(b+a): 
I f i n the Bessel f u n c t i o n : 
exp(itt)t)Z 
,(0.c Z 2 Ji 
2 = 8 X P V 2«>(Z-1> 
and the r e l a t i o n s : 
( Z + l ) e x p C W ^ T ) 
( Z - l ) expC-huj/KgT) ___b 
j exp(-h«)/2K^T) 
( Z - l ) = exp(fi a - / 2 K T) - exp(-fi ; n / 2 K T) 
Jb B 
• ^ i M 1 - c o t h ( ^ ) 
ex P ( - J 5 U ) / 2 K BT) 
2 s i n h ( f i a ) / 2 K B T ) 
are employed then equation 2 ( l x i x ) may be s t a t e d : 
« Xn> » = e*P' -j ~. * 4u> coth G I ^ T ) } 
L e X P ( i n U ) ° e X P V K ^ - ; *„ (20, s i n h ( h . / 2 K . T T ) 2"( 
00 
x E 
n=-oo 2cu si (fi'JU/2K13T)> 
B 
l x x ) 
The g e n e r a l form f o r a l l normal modes, s u b s t i t u t i n g the above i n t o 
e q u a t i o n 2»(xxxix) and u s i n g the 6 f u n c t i o n r e l a t i o n d i s c u s s e d p r e v i o u s l y 
(equation 2 . ( x x x i i i ) ) , may t h e r e f o r e be expressed: 
k' 5 2 a 
6 ^ f 7 - r % Y V ^ ( - ^ . ( b ^ , ) 
coth x r f [ e x P { 
x e x P ( - ~ — ) I n. V2W. sinh(ha , / 2 K T ) / 
A A B 
' (2K T)1 
B 
6(fito-fip xa^) 2,( l x x i ) 
where n^ i s the number o f quanta of energy 
t r a n s f e r r e d f o r the \ t h normal 
mode 
Erom the above i t w i l l be seen t h a t each normal mode gives r i s e to an energy 
d e l t a f u n c t i o n at i t s c h a r a c t e r i s t i c frequency. 
E x p e r i m e n t a l l y , the argument of the Bessel f u n c t i o n i s found to be small, 
and as a r e s u l t the f u n c t i o n may be approximated by the f i r s t term i n i t s 
power s e r i e s expansion: 
I n 0 0 ~ ( f ) N ( | „ | I ) " 1 
48. 
Thus equation 2.( l x x i ) may be w r i t t e n , f o r the case of incoherent i n e l a s t i c 
s c a t t e r i n g (JZ=X'): 
,2 
- k ' s l H - b i 2 
^ ' ' i n c o h " k .e ' * 
•(Q.c„X)2n ,flm 
n. • x ^-.e - " \1 "x! x exp^ /V4'jj sinh(hto/2K T)/ B A B 
x 6(ftu)-ftEn.u3 )"| . , X X J 2.(lxxxi) 
A 
and f o r the case of incoherent e l a s t i c s c a t t e r i n g (n = 0 ) : 
A. 
>2 
= ^ E ! V b | 2 exp ( -2W 4 ) 
e l a s t i c 
mcoh A 
where W i s c a l l e d the Debye-Waller f a c t o r 
' (Q.c A ) 2 n t,,» 
^ ^ C ° t h ( ^ ) ^ . ( I x x i i i ) 
a) E l a s t i c S c a t t e r i n g 
Equation 2 . ( l x x i i i ) shows that the i n t e n s i t y of incoherent e l a s t i c 
s c a t t e r i n g from a simple harmonic o s c i l l a t o r i s p r o p o r t i o n a l t o the incoherent 
cross-section attenuated by the Debye-Waller f a c t o r v/hich arises from 
i n t e r f e r e n c e e f f e c t s between atoms on d i f f e r e n t s i t e s being smoothed out 
3 8 
by thermal v i b r a t i o n s ' „ As would be expected t h e r e f o r e , the in f l u e n c e 
of temperature i s such t h a t i n t e n s i t y w i l l decrease (and the band broaden), 
as temperature increases. 
The other f a c t o r s to which the Debye-Waller f a c t o r i s p r o p o r t i o n a l , i . e . 
'Q' and '—j^ ' m a y best be considered w i t h reference to the expression 
15 16 stated p r e v i o u s l y (Cyvin and from Zemach and Glauber ) t h a t : 
2 Fi / \ 
« a » = -2- c o t h l — - M 2.(lxxiv) 'X 2(v} V2KBT 
49. 
Comparing t h i s w i t h equation 2„(lxxiii), i t may be seen t h a t 
-2W^  = (Q.Cqk)2 « q x 2 » 
X 
and terms _cf and may be m u l t i p l i e d together t o give an expression 
s i m i l a r t o equation 2 . ( l x ) : 
< Q - c / ) 2 « q x 2 » = « ( Q - H / ) 2 » 2.( Ixxv) 
For a monatomic cubic c r y s t a l i n p a r t i c u l a r , and as a good approximation 
1,3 i n general, ' i t can be said t h a t : 
2 2 
T fn X\2 Q < U > 2.C l x x v i ) 
where < u > i s the mean-square amplitude of 
v i b r a t i o n of the s c a t t e r i n g atom, 
and t h e r e f o r e s u b s t i t u t i o n of t h i s expression i n t o equation 2 . ( l x x i i i ) y i e l d s : 
2 2 Q < u 2.( I x x v i i ) 
Thus f o r a given frequency and temperature, the Debye-Waller f a c t o r i s 
p r o p r t i o n a l to the product of the S c a t t e r i n g Vector squared and the mean-
square amplitude of v i b r a t i o n . 
The i n f l u e n c e of 'Q' may be more r e a d i l y seen from the r e l a t i o n between 
the i n c i d e n t ( k ) and scattered (k' ) wave vectors which i s shown below. The 
magnitude of Q w i l l be given by; 
Q2 = k 2 + k' 2 - 2kk' cos (2 9) 
For e l a s t i c s c a t t e r i n g k ' = k and t h e r e f o r e 
Q Q
2 = 2k 2 ( 1 - cos(29)) 
0 = 2k s i n * 
50. 
Obviously as 9 increases, the value of Q w i l l increase and t h e r e f o r e 
i n t e n s i t y w i l l decrease. 
2 ^ 
Considering the < u > f a c t o r , i t may be seen t h a t s c a t t e r i n g i n t e n s i t y 
w i l l decrease as the mean-square amplitude of v i b r a t i o n increases 0 
b) I n e l a s t i c S c a t t e r i n g 
For incoherent i n e l a s t i c s c a t t e r i n g (equation 2„(lxxLi)) a d d i t i o n a l 
f a c t o r s may be seen to a f f e c t i n t e n s i t y , i . e . : 
e X P \ 2KBT / U u ^ s i n h ( W 2 K B T / 
The term w r i t t e n t o the power | i s u s u a l l y s m a l l , and i n consequence 
+ 
s i n g l e quantum s c a t t e r i n g ( n . = - 1 ) i s found to have a very much greater 
A. 
i n t e n s i t y than m u l t i p l e quantum events. ( I t should be noted, however, th a t 
i n the case of instruments capable of la r g e 'Q' t r a n s f e r s , e.g. BFD 
spectrometers, the magnitude of the term may be increased s u f f i c i e n t l y t o 
enable overtones t o be seen q u i t e clearly,,) S i m i l a r l y , the simultaneous 
t r a n s f e r of s i n g l e quanta t o n normal modes ( i . e . combination bands) w i l l 
again r a i s e the second term t o the n t h power as a r e s u l t of the product 
term, f^f (see equation 2,(lxxii)„ 
The double d i f f e r e n t i a l c r o s s -section, when w r i t t e n i n terms of s i n g l e 
8 
quantum events, thus becomes : 
(wfO . , " T ? I V &l ""-"V a i r — a<ta-V 
s i n g l e quantum * K \ 
incoh 2.C I x x v i i i ) 
1, A r n u ^ 
where = e sP\ 2K^T/ 
Employing the r e l a t i o n (equation 2 . ( l x x i v ) ) 
coth 
2 ft /ficju, \ 
51. 
t o s u b s t i t u t e f o r t h a t p a r t of equation 2„(lxxviii) which reads: 
( Q . c ^ ) 2 ft 
2a 
produces: 
( Q . c / ) 2 « a 2 » 
c o t h ( f i u ^ / 2 K ^ n 
Using the argument developed p r e v i o u s l y (equation 2„(lxxv) e t seq.), t h i s 
may be r e s t a t e d as: 
2 2 Q < u > 
3 coth(fto^ / 2 K^T) 
Hence s u b s t i t u t i o n of t h i s expression back i n t o equation 2 . ( l x x v i i i ) y i e l d s 
incoherent 2 . ( l x x i x ) 
I t may be assumed t o a good approximation t h a t c o t h f ^ R jj i s equal t o 
B 
u n i t y f o r the example of B e r y l l i u m F i l t e r Detector Spectroscopy, where 
t y p i c a l l y ox . i s 70cm ^ and T i s ca„ 15K„ Hence the above reduces t o ; Amm 
s i n g l e quantum i \ . 
incoherent 
However, when consi d e r i n g Time-of-Flight instruments, where ti\ . may 
-1 
be as low as 10cm and T can be anything between 90 and 300K (Chapter I I I ) , 
the 'coth term'can be most s i g n i f i c a n t and must be s t a t e d e x p l i c i t l y . 
Thus f o r incoherent i n e l a s t i c s c a t t e r i n g , i n t e n s i t y i s d i r e c t l y 
p r o p o r t i o n a l t o the S c a t t e r i n g Vector squared and the mean-square amplitude 
of v i b r a t i o n , as w e l l as being c o n t r o l l e d by the incoherent cross-section 
and Debye-Waller„ 
10„ The Density of States 
1 3 
The normalised d e n s i t y of st a t e s Z(cu) may be defined ' : 
3 N X A 
52. 
where 3N r e f e r s t o the t o t a l number of 
v i b r a t i o n s 
-I-CD 
f Z(io)du) = 1 
This f u n c t i o n (Z(u>)) may be p i c t u r e d as a s e r i e s of d e l t a - l i k e f u n c t i o n s , 
each of which corresponds t o a given normal mode, and whose h e i g h t represents 
the degeneracy of the mode, e.g. 
I f the expression f o r the d e n s i t y of s t a t e s i s s u b s t i t u t e d i n t o equation 
2 . ( l x x i x ) , the expression becomes: 
11. The Inf l u e n c e of Momentum Transfer Upon INS Spectra 
For a d i s p e r s i v e mode, dtu/dk (hence dcJU/dQ) i s not equal to a constant. 
I n consequence, i t would be a n t i c i p a t e d t h a t i n T-O-F i n e l a s t i c neutron 
spectroscopy, where there i s a wide range of momentum t r a n s f e r (¥iQ), 
there w i l l be v a r i a t i o n of i n t e n s i t y and peak p o s i t i o n . As 'Q' varies w i t h 
angle o f observation (see p r e v i o u s l y ) , the spectra obtained f o r each angle 
w i l l be expected t o d i f f e r . 
19 
I n a d d i t i o n , K i t t e l has shown t h a t f o r one dimension: 
s i n g l e quantum 
incoherent 
Q < u > N t S 'V^l -p(-2W ) c o t M f i a v ^ i ^ T ) Z(to> 
2 / l x x x i ) 
<dQ) 
duu/dQ dto i . e . Z(w) (dcu/dQ) 
-1 at constant 0 
(STSEO " z ( a ) ) but from equation 2.( l x x x i ) 
and t h e r e f o r e i t may be seen t h a t i n t e n s i t y w i l l vary across each spectrum 
according t o the gr a d i e n t of the d i s p e r s i o n curve (dcu/dQ) a t each 
p o i n t along the energy a x i s . 
53. 
Dispersive modes are those w i t h small force constants, and i n general, 
they correspond t o i n t e r m o l e c u l a r v i b r a t i o n s . Hence momentum t r a n s f e r 
dependence of the above type i s o f t e n an i n d i c a t i o n of l a t t i c e modes. 
12. T h e o r e t i c a l Considerations Applied t o Time-of-Flight Spectrometry 
a) Functions used i n the analysis of data 
The corrected counts from Time-of-Flight experiments are w r i t t e n by 
the Circa programme (Chapter I I I ) i n t o the form of; 
20 21 22 
( i ) The Symmetric S c a t t e r i n g Law S(@i,P) : ' ' 
V 
S ( 0 1 ' P ) = exp(-j&/2) 5 8 V S t & r t 
2 2 
Q where & = m 2MKgT 
~ ' s p o s i t i v e f o r neutrons 
which gain energy 
From comparison of equations 2„( x l i i i ) and 2 . ( l x x x i ) 
By d e f i n i t i o n (and from above): 
?«'B) " eXP<"2V e X P (^ / 2 ) 2 s l n h ^ ^ f c o t h (g/2) Z « 
2 2 
= e xP (" 2V 2 sinh (g/2) coth (g/2) Z ( u j ) 2 . ( l x x x i i ) 
and so: 
S(@t,0) = KgT S(QjU;) 
p2 < 2 
= KgT expC-ZW^ 2 s i n h ( | ? / 2 ? c o t h ^ Z(») 2 . ( l x x x i i i ) 
2 ^ 2 
54 
This f u n c t i o n has the advantages of making the s c a t t e r e r i s o t r o p i c 
whatever i t s o r i e n t a t i o n t o the i n c i d e n t neutron beam ( i , e , i t concerns 
only the magnitude, not the d i r e c t i o n of the s c a t t e r i n g vector Q), and 
furthermore of w r i t i n g the v a r i a b l e s i n dimensionless forms„ The term 
exp(-/9/2) preserves the c o n d i t i o n of d e t a i l e d balance, and p u t t i n g i t 
e x p l i c i t l y i n t o the expression f o r the cross-s e c t i o n ensures t h a t there w i l l 
not be v i o l a t i o n of the l i m i t i n g form ( i 0 e 0 Maxwellian d i s t r i b u t i o n ) of 
the neutron spectrum 
( i i ) ? ( & , $ ) 2 0 ) 2 3 
where P(©,0) = 20 sinh (0/2) S ( @»ft 
2 2 2MK*_T 
= 2 ^ ) sinhO/2) h T e x P ( - 2 W j 2 ) 2 s i n h % % ) (g/2) T O " Z 
2Mic „ M / N < u 2 > 
ft" V e x P ( - 2 W ^ coth(g/2) Z ( U , ) 2 . ( l x x x i v ) 
The above f u n c t i o n t h e r e f o r e removes both the momentum t r a n s f e r 
dependence from the spectrum f o r each angle .and also the f a c t o r ( s i n h ( ^ / 2 ) ) 
from the expression f o r the S c a t t e r i n g Law which has the e f f e c t of dampening 
i n t e n s i t y across the spectrum as <A> increases i n wavenumber„ 
P(@fjj§) allows d i r e c t comparison between the spectrum obtained f o r 
each angle and t h a t obtained by e x t r a p o l a t i o n t o zero 'Q' i„e, p ( $ ) (see 
next s e c t i o n ) by using the same form of i n t e n s i t y f u n c t i o n i n each case„ 
lx 90 99 
( i i i ) The Density of States * ' 
A Time-of-Flight spectrum measures i n t e n s i t y i n terms of Q and w , 
and i n consequence cannot be d i r e c t l y compared w i t h an o p t i c a l spectrum 
which i s obtained a t zero Q„ I t i s t h e r e f o r e necessary to remove the 
momentum t r a n s f e r dependence from the i n t e n s i t y expression, and the 
analogous f u n c t i o n s p ( Q ) and p ( uu ) carry t h i s out„ 
They combine data from a l l angles i n t o t h e i r e x t r a p o l a t i o n t o zero 
momentum t r a n s f e r f o r each value of © considered. However, t h e i r 
e f f e c t i v e n e s s s u f f e r s from the l i m i t e d Q range a v a i l a b l e on most Time-of-
55. 
F l i g h t S p e c t r o m e t e r s : s m a l l v a l u e s o f momentum t r a n s f e r a r e r a r e l y 
a t t a i n a b l e . C o n s e q u e n t l y , t h e e x t r a p o l a t i o n i s s u b j e c t t o e r r o r i n t h e 
low 'Q' r e g i o n , a l l t h e more so i n view o f t h e f a c t t h a t S( &, 0 )/& vs a? 
~ 2 
and S(Q, a0/Q vs Q are n o t l i n e a r over t h e f u l l range o f momentum 
t r a n s f e r o 
p ( 0 ) = 20 s i n h (0/2) ( S C g ' ^ ) 
2 
w h i c h f r o m above e q u a l s — - K T exp(-2W ) — ^ u / f l . -. Z(io) 
f i B X c o t h (p/2) 
and o(«J) = ^  sinh(/5/2) ( — = 5 — ) 0 
2 2 
= s i n h ( 0 / 2 ) exPC-2W ) Q < U > Z(u)) 
2 s i n h (0/2) c o t h (0/2) Q 
2 
= " f t " e * e < ~ 2 V c o t h ( 0 / 2 ) Z ( U J ) 2 . ( l x x x v ) 
Comparison o f e q u a t i o n s 2„(lxxxiv) and 2„(lxxxv) shows t h a t : 
p ( 0 ) = K^T p(u)) 
The p h y s i c a l s i g n i f i c a n c e o f t h e two e x p r e s s i o n s above i s t h a t t h e y 
a r e b o t h d i r e c t l y p r o p o r t i o n a l t o t h e a m p l i t u d e w e i g h t e d d e n s i t y o f s t a t e s , 
b) I n t e n s i t y R e l a t i o n s f r o m t h e S c a t t e r i n g Law 
M a r s h a l l and L o v e s e y 1 have shown t h a t t h e g e n e r a l e q u a t i o n f o r i n e l a s t i c 
n e u t r o n s c a t t e r i n g f r o m a o n e - d i m e n s i o n a l harmonic o s c i l l a t o r ( i n terms o f 
S ( Q * u> )) may be w r i t t e n : 
S n(Q, t„) = exP(gg- c o t h ( ^ ) ) e x p ( ^ ) ^ flChornh^) I ^ y ) 2 . ( l x x x v i ) 
where (juq i s t h e f r e q u e n c y o f t h e fundam e n t a l 
_ J ° cosech^y — J 2Ma)Q \2KgT 
I ±_ ( y, . < ^ 
56. 
S n(Q, ui) r e f e r s t o t h e c o n t r i b u t i o n t o t h e S c a t t e r i n g Law f r o m t h e 
t r a n s f e r o f n quanta t o a p a r t i c u l a r normal mode, where n i s t h e i n t e g r a l 
measure o f t h e number o f u n i t s o f energy ( ficu^ ) l o s t ( n > o ) o r g a i n e d ( n < o ) 
by t h e n e u t r o n . 
25 .26 
For energy g a i n T i m e - o f - F l i g h t S p e c t r o m e t r y t h e above becomes : 
sn<a>.) - £ e* P(^2! coth (^)) (|aL)n ( e x p(!j). ,) 2. (lxxxvii) 
25,26, 
Howard e t al„ have i n v e s t i g a t e d t h e l i m i t i n g cases o f t h i s e q u a t i o n , 
( i ) Momentum T r a n s f e r Dependence 
When u j q and T are c o n s t a n t s , e q u a t i o n 2„(lxxxvii) m a y be reduced t o ; 
S n(Q,uj) a ( Q 2 ) n exp(-DQ 2) 
^ e r e D = — c o t h ^ J 
2 
and (-BQ ) i s t h e Debye-Waller f a c t o r 
From t h e above i t may be seen t h a t a p l o t o f 
f V 5 ' ^ ^ 2 
logV o / V S l o8^Q ) 2 . ( l x x x v i i i ) 
exp(-DQ ) 
w i l l g i v e a s t r a i g h t l i n e w i t h a g r a d i e n t n„ 
( i i ) Temperature Dependence 
For t h e case where u) and Q ar e c o n s t a n t s , e q u a t i o n 2„(lxxxvii) shows 
t h a t : 
2 , ftcu 
Sn(<J,») « T n e x p ^ c o t h ( ^ ) ) 
o B 
I n g e n e r a l , i t i s found t h a t t h e e x p o n e n t i a l t e r m v a r i e s o n l y s l i g h t l y 
w i t h t e m p e r a t u r e , p r o v i d i n g M i s l a r g e , and so t o a f i r s t a p p r o x i m a t i o n : 
S n(Q, C 0) <* T n 
57. 
That i s a p l o t o f 
l o g s n ( Q , & ) vs T n 2„(lxxxix) 
w i l l g i v e a s t r a i g h t l i n e w i t h a g r a d i e n t n 0 
An a l t e r n a t i v e way o f i l l u s t r a t i n g t h e t e m p e r a t u r e dependence i s v i a 
th e f u n c t i o n P( & „ j@ ), where 
4MUJ K T 
P ( f t , 0 ) = exp(/S/2) sinh(|8/2) S(Q,co) 
S u b s t i t u t i n g n = - 1 i n e q u a t i o n 2„(lxxxvii) produces: 
. _ 2 fiU) . . 
= H T C O t h ( l ^ ) ) 
P 1(&,/8) = H T exp(-DQ 2) 2. ( x c ) 
where H i s a c o n s t a n t 
and f o r n = -2 
2 , ! I O J „ „„2 . fio) 
where H 1 i s a c o n s t a n t 
For r a t i o s o f u) : t between about 0.25 and 0.286, t h e a p p r o x i m a t i o n 
° titD . 2K_T 
may be made t h a t c o t h ^ i s e q u a l t o ^ and t h u s ; 
T h e r e f o r e c o n s i d e r i n g t h e t e m p e r a t u r e dependence o n l y ; 
P2(0f,£) = H" T 2 exp( = DQ 2) 2 . ( x c i ) 
From t h e above r e l a t i o n s a p l o t o f 
l o g ( - ) vs T 2 . ( x c i i ) 
expC-DCT) 
58. 
w i l l be a s t r a i g h t l i n e w i t h a g r a d i e n t o f one f o r P ( © , $ ) and o f g r a d i e n t 
two f o r P 2 ( 62 , j§ ) „ 
13. T h e o r e t i c a l C o n s i d e r a t i o n s A p p l i e d t o B e r y l l i u m F i l t e r D e t e c t o r S p e c t r o m e t r y 
a) R e l a t i o n o f t h e S c a t t e r i n g Law t o Raw Data 
D e t e c t i o n o f n e u t r o n s by t h e BFD may be n o r m a l i s e d t o a c o n s t a n t 
number o f m o n i t o r c o u n t s f o r each v a l u e o f i n c i d e n t energy s e l e c t e d (see 
Chapter III)„ The e f f i c i e n c y o f t h e m o n i t o r iSj h o w e v e r , p r o p o r t i o n a l t o t h e 
r e c i p r o c a l o f t h e i n c i d e n t v e l o c i t y . U s i n g t h e r e l a t i o n 
2 *2, 2 mv _ T I k 
2 2nT 
i t may be seen t h a t v 1 « k 1 , and t h u s t h e cou n t s d e t e c t e d by t h e BFD 
27 
may be r e l a t e d t o t h e d i f f e r e n t i a l c r o s s - s e c t i o n : 
0 (7 
D e t e c t e d Counts « ^^p^, x k 2 . ( x c i i i ) 
I f e q u a t i o n 2„(lxxx) i s w r i t t e n i n terms o f t h e d e n s i t y o f s t a t e s , 
s i n g l e quantum £ A 
i n c o h e r e n t 2 . ( x c i v ) 
i s obtained„ 
But by comparison o f e q u a t i o n s 2„(lxxviii) and 2„(lxxx): 
2w A 
and f r o m e q u a t i o n 2„(lx): 
c <x M 
JO 
and hence 
2 2 2 
Q Q < u 
2Mu^ " 3 
59. 
S u b s t i t u t i n g t h i s i n t h e e x p r e s s i o n f o r t h e d o u b l e d i f f e r e n t i a l 
c r o s s - s e c t i o n above ( e q u a t i o n 2„(xciv)) g i v e s : 
( w ) . , r ' T T, «p<-2«V T * j r mZ zU)) J-<«"' 
s i n g l e quantum & A A. 
i n c o h e r e n t 
By d e f i n i t i o n Q = k - k' , b u t f o r a BFD s p e c t r o m e t e r |k'| « 0, 
and t h e r e f o r e Q ^  k. 
U s i n g t h e r e l a t i o n 
2 2 ft k 
A 2m 
2 
i t can be seen t h a t k i s p r o p o r t i o n a l t o , and hence s u b s t i t u t i o n i n 
2 2 
2„(xcv) u s i n g t h e f a c t t h a t Q » k °= y i e l d s : 
/ b2CT ^ „ r, k _C|2 _„_,_„„ ^ Z(co) « E I b ^ b p exp(-2W 5) 2 . ( x c v i ) 
s i n g l e quantum 
i n c o h e r e n t 
I 
Thus f o r a BFD i n v e s t i g a t i o n o f i n e l a s t i c f e a t u r e s , t h e d e t e c t e d 
c o u n t s a r e d i r e c t l y p r o p o r t i o n a l t o t h e r e c i p r o c a l mass-weighted d e n s i t y 
o f s t a t e s . The a d d i t i o n a l f a c t o r s g o v e r n i n g i n t e n s i t y , t he s c a t t e r i n g 
l e n g t h and t h e Debye-Waller f a c t o r , a r e those a l s o p r e s e n t i n t h e case o f 
e l a s t i c s c a t t e r i n g . 
b ) I n t e n s i t y R e l a t i o n s f r o m t h e S c a t t e r i n g Law 
A g a i n u s i n g t h e e q u a t i o n 2„(lxxxvi) d e r i v e d by M a r s h a l l and L o v e s e y 1 , 
b u t t h i s t i m e under t h e e x p e r i m e n t a l c o n d i t i o n s o f BFD s p e c t r o m e t r y 
25 
( i . e . s m a l l T, l a r g e co and n e u t r o n energy l o s s ) , Howard has shown t h a t 
n , \ , •> n n /m\ I -m 
60. 
T h a t i s o v e r t o n e s may be seen q u i t e r e a d i l y u s i n g a BFD spectrometer„ 
p r o v i d e d t h a t to^ i s i n t e n s e and t h e v i b r a t i o n i n v o l v e s l i g a n d s o f l i g h t 
mass o 
B. R o t a t i o n a l B a r r i e r s 
The p o t e n t i a l b a r r i e r t o r o t a t i o n may be d e s c r i b e d by means o f a 
F o u r i e r s e r i e s i n 9, t h e a n g l e t h r o u g h w h i c h one g r o u p i s r o t a t i n g 
r e l a t i v e t o t h e o t h e r : 
V(e) = T (V cos m9 + V ' s i n m9) m m m 2 . ( x c v i i i ) 
where V and V 1 a r e c o e f f i e n t s m m 
C o n s i d e r a t i o n o f t h e symmetry o f t h e m o l e c u l e concerned may e n a b l e 
s i m p l i f i c a t i o n o f t h e above equation,, F o r example, i f t h e b a r r i e r i s 
e n c o u n t e r e d n t i m e s on r o t a t i o n t h r o u g h 277 , t h e n t h e s i n 6 terms d i s a p p e a r 
and t h e p o t e n t i a l f u n c t i o n may be w r i t t e n : 
V 
V(9) = £ ( 1 - cos ran9) 
m 
2„ C x c i x ) 
where V a r e pa r a m e t e r s d e s c r i b i n g t h e mn 
b a r r i e r 
I n g e n e r a l , a good enough a p p r o x i m a t i o n i s a f f o r d e d by c o n s i d e r a t i o n o f 
t h e f i r s t few terras i n t h e e x p a n s i o n , i n t h e s i m p l e s t case; 
V ( 9 ) = - ~ ( 1 - cos n8) 2 Ac) 
where V i s t h e h e i g h t o f t h e b a r r i e r n 
Case where n - 2 
S e v e r a l assessments have been made o f t h e r e l a t i v e e f f e c t o f t h e 
V 2n 28** 3 2 second t e r m i n t h e e x p a n s i o n , — — ( 1 - cos 2nG) . These have shown 
t h a t f o r s y m m e t r i c a l cases t h e t e r m Vgn i s v e r y small„ ( F o r example,, i n 
6 1 . 
31 t h e case o f m e t h y l g r o u p r o t a t i o n s , V i s about 3% o f V „) When V 
2n n n 
i s v e r y l a r g e compared t o Vg , t h e i n f l u e n c e o f t h e second t e r m i s s o l e l y 




However, where v i s l a r g e r t h a n i n t h e above case, b u t s t i l l s m a l l e r 
t h a n V , more p r o f o u n d changes t a k e p l a c e w i t h a m e t a - s t a b l e w e l l b e i n g 
33 
p r o d u c e d and t h e b a r r i e r h e i g h t b e i n g r a i s e d : 
v 2 * v . 
Large V/ 
1, E q u a t i o n s o f M o t i o n 
H a v i n g chosen t h e c o r r e c t r e p r e s e n t a t i o n o f t h e p o t e n t i a l f u n c t i o n , 
t h e e x p r e s s i o n must be s u b s t i t u t e d i n t o t h e S c h r o d i n g e r equation,, I f t h e 
34 
e x p r e s s i o n i n e q u a t i o n 2„(c) i s used, we may w r i t e : 
R u 
where I i s t h e reduc e d moment o f i n e r t i a 
\ 2 34,35 
i = i . (1 - i . £ - — - ) 
R A \ A e I / 
6 g 
where I i s t h e moment o f i n e r t i a o f t h e 
r o t o r a b o u t i t s own a x i s 
X i s t h e c o s i n e o f t h e a n g l e between 
t h e a x i s o f t h e r o t o r and t h e g t h 
p r i n c i p l e a x i s o f the whole m o l e c u l e . 
I i s the g t h p r i n c i p l e moment o f 
i n e r t i a . 
E q u a t i o n 2 . ( c i ) i s i n t h e same f o r m as t h e Mathieu e q u a t i o n : 
d 2 2 
— ^ + ( b - s cos x ) y = 0 
dx 
4E 4V 
i f b = — 2 ~ a n c* s = — y ~ 
n F n F 
h v h 2 where F = 
8 r r 2 i R 
v 
E = IE - -f] vff \ 2 /vo-
v i s t h e p r i n c i p a l t o r s i o n a l quantum 
number. 
0- i s t h e s u b l e v e l d e s i g n a t i o n . 
Mathieu's e q u a t i o n has d i f f e r e n t s o l u t i o n s f o r d i f f e r e n t a n g u l a r p e r i o d s 
and c o n s e q u e n t l y i t s e v a l u a t i o n i s v e r y t i m e consuming. However, t a b l e s 
3 6 
o f s o l u t i o n s a r e a v a i l a b l e , f o r example those o f Herschbach s w h i c h a l l o w 
s i m p l i f i c a t i o n o f t h e proc e s s o f d e t e r m i n i n g s and b f o r p e r i o d i c i t i e s w h i c h 
a r e m u l t i p l e s o f t h r e e . Thus, i f t h e v a l u e o f AE i s known f o r t h e 
vCT 
t r a n s i t i o n from V=0 t o V = l , and I . , i s known, then may be fo u n d . 
K vcr 
At> v o. may t h e n be c o r r e l a t e d w i t h a v a l u e o f s from t h e a p p r o p r i a t e t a b l e s 
and hence V c a l c u l a t e d , n 
There are showever, two l i m i t i n g cases o f e q u a t i o n 2 . ( c i ) w h i c h a l l o w 
s i m p l e r s o l u t i o n and these w i l l be d e t a i l e d i n t h e n e x t two s e c t i o n s . 
2. The Low B a r r i e r A p p r o x i m a t i o n 
When tends t o z e r o , b i s v e r y much l a r g e r t h a n s, and c o n s e q u e n t l y 
i t may be s t a t e d t h a t : 
+ b _y = 0 
J 2 vCT dx 
The s o l u t i o n s t o t h e above a r e y = exp(± i p x ) , where p = 0 9 1 , 2 , 3 . . . . e t c , 
277 
However, t h e c o n d i t i o n (Me) = 0 ( 8 + — ) n e c e s s i t a t e s p=0,2,4,6„„„..etc., and 
2 
t h e r e f o r e s u b s t i t u t i n g back i n t o t h e e q u a t i o n produces t h e r e s u l t t h a t b = p 
Hence: 
V 2,2 2 
E - _Q = n h- P 
P 2 32772T 
H 
w h i c h i s v e r y s i m i l a r t o t h e e x p r e s s i o n f o r a f r e e u n i a x i a l r o t o r . 
3. The Hi g h B a r r i e r A p p r o x i m a t i o n 
When t h e b a r r i e r i s h i g h ( g r e a t e r t h a n lOkJ mol ) t h e r o t o r may 
o s c i l l a t e o n l y w i t h i n s m a l l v a r i a t i o n s o f 8 a t t h e b o t t o m o f t h e p o t e n t i a l 
energy w e l l . As a r e s u l t o f t h i s , terms above t h e second i n t h e ex p a n s i o n : 
ZJ 4 . 4 6 Q 6 o 1 n 8 , n 0 n 9 cos n6 = 1 J T - + —p- ~ 
may be i g n o r e d . 
34 
The S c h r o d i n g e r e q u a t i o n may t h e r e f o r e be w r i t t e n : 
2 2 2 
+ k - ~ >(e) = o 
de 2 h 2 L s 4 J 
w h i c h i s t h e f o r m o f a s i m p l e harmonic o s c i l l a t o r w i t h e i g e n v a l u e s ; 
E = ( t + h) 
s 
^ n 2 h 2 V -h n 
8 r r 2 T R -
where t i s a quantum number (0,1,2,3„..etc) 
64. 
For t h e t r a n s i t i o n 0 •* 1 t h e r e f o r e : 
V 
2 -2 8rr cl^u 
R 
n h 
where V i s t h e b a r r i e r h e i g h t i n cm * 
- 1 
I) i s t h e v i b r a t i o n a l f r e q u e n c y i n cm 
c i s t h e v e l o c i t y o f l i g h t 
4. The Das A p p r o x i m a t i o n 
F o r h i g h and i n t e r m e d i a t e b a r r i e r s an a p p r o x i m a t e s o l u t i o n t o t h e 
38 
M a t h i e u e q u a t i o n has been dev e l o p e d by Das . T h i s i s o f most use when 
Herschbach's t a b l e s a re n o t o f t h e c o r r e c t p e r i o d i c i t y o r do n o t cover t h e 
range o f v a l u e s r e q u i r e d . 
The M a t h i e u e q u a t i o n e i g e n f u n c t i o n has been expanded as a c o n v e r g i n g 
s e r i e s : 
E a = ~\ [ c ( 2 a + D - % ( a 2 + ( a + 1 ) 2 ) - %^ ( a 3 + ( a + 1 ) 3 ) 
G 
-2 G 
128 ( 5 a
4 + 5 ( a + l ) 4 + a 2 + ( a + 1 ) 2 ) ] 
where G = ^ JJ—) 
n h 
P i s t h e t o r s i o n a l quantum number 
S i m i l a r l y , t h e c o r r e s p o n d i n g e i g e n v a l u e s may a l s o be r e p r e s e n t e d by a 
s e r i e s . C o n s i d e r i n g t h e t r a n s i t i o n 0 -t> 1, t h e e x p r e s s i o n f o r t h e b a r r i e r 
may be w r i t t e n i n s u c c e s s i v e terms: 
( i ) V = V1 H _ 1 
aa vn = (J + f ) h 
( n 2 h \ where H = ^ ^ J 
R 
f r o m w h i c h i t w i l l be seen t h a t t h e f i r s t e x p r e s s i o n i s t h e same as t h a t 
o b t a i n e d p r e v i o u s l y u s i n g t h e H i g h B a r r i e r A p p r o x i m a t i o n . 
I n g e n e r a l , i t i s fou n d t h a t t h r e e terms o f t h e Das a p p r o x i m a t i o n 
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CHAPTER I I I 
INSTRUMENTATION, DATA ANALYSIS AND EXPERIMENTAL TECHNIQUES 
A„ I n e l a s t i c N e u t r o n S c a t t e r i n g ( I N S ) S p e c t r o m e t e r s 
T i m e - o f - F l i g h t (T-O-F) s p e c t r o m e t e r s 4H5 and 6H a t AERE H a r w e l l , 
and IN4 a t t h e I n s t i t u t Laue-Langevin ( I L L ) Grenoble were used i n t h e 
i n v e s t i g a t i o n o f t h e l o n g w a v e l e n g t h s p e c t r a l r e g i o n (0-450cra 
H i g h e r energy s t u d i e s (70-1250cm "*") were c a r r i e d o u t w i t h t h e B e r y l l i u m 
F i l t e r D e t e c t o r (BFD) s p e c t r o m e t e r s on t h e P l u t o and Dido r e a c t o r s a t 
AERE H a r w e l l . 
1 2 3 
S e v e r a l a u t h o r s ' ' have d i s c u s s e d t h e p r i n c i p l e s o f d e s i g n and 
o p e r a t i o n o f INS s p e c t r o m e t e r s ; however, because t h e y r e m a i n r e l a t i v e l y 
uncommon, t h o s e mentioned above w i l l be d e s c r i b e d more e x t e n s i v e l y . 
4 
1, The Dido 6H T i m e - o f - F l i g h t S p e c t r o m e t e r ( d i a . 3 ( i ) ) 
a ) C o l l i m a t i o n o f t h e N e u t r o n Beam 
N e u t r o n s e n t e r i n g t h e 6H beam t u b e t r a v e l t h r o u g h a b e r y l l i u m 
p o l y c r y s t a l , and t h e n a b i s m u t h s i n g l e c r y s t a l , b o t h o f w h i c h a re c o o l e d 
t o l i q u i d n i t r o g e n t e m p e r a t u r e . The b e r y l l i u m p o l y c r y s t a l Bragg s c a t t e r s 
- 1 
t h o s e n e u t r o n s w i t h w a v e l e n g t h s l e s s t h a n t h e Bragg c u t o f f (3.96 A > 42 cm 
i 0 e 0 f a s t n e u t r o n s ; w h i l s t t h e b i s m u t h c r y s t a l , b e s i d e s p r o v i d i n g f u r t h e r 
a t t e n u a t i o n o f f a s t n e u t r o n s , reduces gamma r a y i n t e n s i t y t o w o r k a b l e 
l e v e l s . L i q u i d n i t r o g e n c o o l i n g o f t h e b e r y l l i u m c r y s t a l ensures g r e a t e r 
t r a n s m i s s i o n o f t h e r m a l n e u t r o n s by r e d u c i n g t h e Debye-Waller c o n t r i b u t i o n 
t o t h e s c a t t e r i n g . 
b) Monochromation 
The beam l e a v i n g t h e c o l l i m a t o r i s "chopped" by two e l l i p t i c a l l y 
shaped r o t o r s w h i c h a r e made o f cadmium-magnesium a l l o y (opaque t o n e u t r o n s ) 
5 
and have "banana" shaped s l o t s c u t t h r o u g h them. The r o t o r s a r e spun 
6,7 
about a v e r t i c a l a x i s i n an evac u a t e d s t e e l t a n k , and by v a r i a t i o n o f 









Tn fvl 1 1 f EOMAJt G K2SIM S=3 E3 CD E O a a u c RESIN 
RESIN Q IROJd SHOT 
m CC5«X2TE3II?WW SKOl COKCWETEaiKOM SHOT 30 
m 
CO p 








r e q u i s i t e w a v e l e n g t h i s produced 5 cm wide and 2.5 cm h i g h . 
c ) Sample P o s i t i o n i n g 
Samples under i n v e s t i g a t i o n a r e h e l d i n a "sample changer" 
w h i c h a l l o w s c y c l i c a l t e r n a t i o n o f t h r e e sample p o s i t i o n s . One p o s i t i o n 
c o n t a i n s a p l a t e o f s t a n d a r d c r o s s - s e c t i o n made o f vanadium, w h i c h i s 
chosen because o f i t s i m p o r t a n t p r o p e r t i e s o f s c a t t e r i n g i s o t r o p i c a l l y 
and a l m o s t t o t a l l y i n c o h e r e n t l y . The f o r m e r p r o p e r t y p e r m i t s c o r r e c t i o n 
f o r i n d i v i d u a l d e t e c t o r e f f i c i e n c i e s a t a l l a n g l e s i n space, w h i l s t t h e 
l a t t e r e n a b l e s c a l c u l a t i o n o f a b s o l u t e i n c o h e r e n t c r o s s - s e c t i o n s . The 
r e m a i n i n g p o s i t i o n s a r e o c c u p i e d by t h e sample and i t s "background" o r 
empty sample c o n t a i n e r . T h i s p r o c e d u r e enables s u b t r a c t i o n f r o m t h e 
sample s p e c t r u m o f time-dependent background s c a t t e r i n g a t t r i b u t a b l e t o 
the c o n t a i n e r . The employment o f c o n t i n u o u s c y c l i n g overcomes v a r i a t i o n s 
i n n e u t r o n f l u x and i n i n s t r u m e n t c h a r a c t e r i s t i c s . The l e n g t h o f t i m e 
g 
r e q u i r e d i n each p o s i t i o n may be s e t by t h e u s e r v i a t h e Cassandra system, 
w h i c h t h e n a u t o m a t i c a l l y c o n t r o l s c y c l i n g and t h e r e c o r d i n g o f cou n t s f o r 
each p o s i t i o n . 
The sample changer may be evacuated t o reduce l o s s o f r e s o l u t i o n 
r e s u l t i n g f r o m t h e e f f e c t o f a i r s c a t t e r i n g on t h e monochromatic beam 
( i d e a l l y t h e r e s o l u t i o n would be f u r t h e r enhanced by e v a c u a t i o n o r h e l i u m 
f i l l i n g o f t h e f l i g h t p a t h between sample changer and d e t e c t o r s ) a n d i s 
o p e r a t i o n a l o v e r a wide t e m p e r a t u r e range, 90-500K. 
d ) N e u t r o n D e t e c t i o n 
N e u t r o n s s c a t t e r e d f r o m t h e sample are d e t e c t e d u s i n g 2.5cm 
d i a m e t e r 2 atmosphere "^BF p r o p o r t i o n a l c o u n t e r s a r r a n g e d t o cover an 
ar c o f s c a t t e r i n g a n g l e s between 18° and 90° i n 9° i n c r e m e n t s . For 
s c a t t e r i n g a n g l e s 18°, 27° and 36°, two p a i r s o f c o u n t e r s 15 cm l o n g 
a r e employed, w h i l s t t h e r e m a i n i n g a n g l e s have t h r e e p a i r s o f l e n g t h 
31 cm: a l l o f t h e d e t e c t o r s a re p o s i t i o n e d a u n i f o r m 1.2 m f r o m t h e 
sample. 
The u n s c a t t e r e d beam passes t h r o u g h t h r e e f i s s i o n chambers o r 
m o n i t o r s . The f i r s t o f t h e s e i s s i t u a t e d i m m e d i a t e l y a f t e r t h e r o t o r s 
and p r o v i d e s a measurement o f i n c i d e n t n e u t r o n i n t e n s i t y , t h e second 
and t h i r d a r e p l a c e d a t d i s t a n c e s o f 0.5 ra and 1,2 m beh i n d t h e sample 
and i n d i c a t e t h e n e u t r o n t r a n s m i s s i o n by t h e sample,, By use o f t h e 
m o n i t o r s a v a l u e can be c a l c u l a t e d f o r i n c i d e n t n e u t r o n v e l o c i t y (see 
l a t e r : "Clodop and P r e s c a t " ) . 
e) Method o f O p e r a t i o n 
I n c i d e n t n e u t r o n s i n t e r a c t i n g i n e l a s t i c a l l y w i t h t h e sample 
abs o r b quanta o f energy c o r r e s p o n d i n g t o t h e v a r i o u s v i b r a t i o n a l 
t r a n s i t i o n s p r e s e n t i n t h e sample. As a r e s u l t , t h e y are u p s c a t t e r e d 
( i . e . t h e y g a i n e n e r g y ) and t h e i r r e s u l t i n g t i m e - o f - f l i g h t i s l e s s t h a n 
f o r n e u t r o n s w h i c h are n o t s c a t t e r e d . 
f ) Data C o l l e c t i o n 
A p u l s e f r o m t h e r o t o r d r i v e system t r i g g e r s a c r y s t a l 
c o n t r o l l e d d i g i t a l c l o c k , w h i c h t h e n t i m e s i n " c h a n n e l s " t h e a r r i v a l 
o f a p a r t i c u l a r n e u t r o n a t a p a r t i c u l a r c o u n t e r a n g l e . Each channel 
i s 6 u.second wide and t h e r e are 512 channels p e r p u l s e ; t h e t i m e p e r i o d 
covered i s t h u s 3072 y,second f r o m t h e s t a r t p u l s e . The r e s u l t i n g 
s c a t t e r e d n e u t r o n d i s t r i b u t i o n spread o v e r t h e 512 t i m e - o f - f l i g h t 
g 
channels i s r e c o r d e d by t h e Cassandra t i m e - o f - f l i g h t a n a l y s e r f o r each 
sample p o s i t i o n and a n g l e and may be viewed on a c l o s e d - c i r c u i t t e l e v i s i o n 
d i s p l a y . 
g ) R e s o l u t i o n C o n s i d e r a t i o n s 
10 
Harryman and H a y t e r c o n s i d e r t h a t the i m p o r t a n t r e s o l u t i o n 
v a r i a b l e s f o r a g i v e n i n s t r u m e n t a r e t h e i n c i d e n t w a v e l e n g t h , t h e number 
o f r o t o r s l o t s and t h e sample o r i e n t a t i o n , and have p u b l i s h e d t a b l e s o f 
r e s o l u t i o n v e r s u s energy t r a n s f e r f o r each a n g l e o f t h e 6H and 4H5 
s p e c t r o m e t e r s . (Gate w i d t h and f i n i t e d e t e c t o r s i z e have been shown t o 
be n e g l i g i b l e c o n s i d e r a t i o n s . ) 
Resolut ion (cm" ) 
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I d e a l l y t h e s m a l l e s t v a l u e o f i n c i d e n t r e c i p r o c a l v e l o c i t y would be 
p r e f e r r e d ( d i a . 3 ( i i ) ) . However, t h e r e i s a c o n s i d e r a b l e f a l l - o f f i n f l u x 
t o t h e s h o r t w a v e l e n g t h s i d e o f peak f l u x , and as c o u n t i n g s t a t i s t i c s a r e 
p r o p o r t i o n a l / f l u x ' , i t may be seen t h a t an a t t e m p t t o c o l l e c t h i g h 
r e s o l u t i o n d a t a under s h o r t w a v e l e n g t h c o n d i t i o n s c o u l d r e s u l t i n l a r g e 
v a r i a t i o n s i n c o u n t s . 
Employment o f 1 x 12 s l o t r o t o r c o u p l e d w i t h 1 x 6 s l o t r o t o r , o r 
even 2 x 12 s l o t r o t o r s would g i v e i n c r e a s e d r e s o l u t i o n ( d i a . 3 ( i i i ) and Table 
3 . 1 ) . A g a i n , compared w i t h 2 x 6 s l o t r o t o r s t h e d i s a d v a n t a g e i s t h e 
r e d u c t i o n i n n e u t r o n f l u x , w h i c h would be i n t h e o r d e r o f a f a c t o r o f 
3 f o r 1 x 12 + 1 x 6 s l o t r o t o r s , and a f a c t o r o f 12 f o r 2 x 12 s l o t 
r o t o r s . 
A t h i r d p o s s i b i l i t y f o r improvement o f r e s o l u t i o n w o u ld be t o 
o o p o s i t i o n t h e sample a t 90 t o t h e beam, compared w i t h t h e 45 a t t i t u d e 
n o r m a l l y used. T h i s would a v o i d v a r i a t i o n i n t h e p a t h l e n g t h o f s c a t t e r e d 
n e u t r o n s , b u t has t h e drawback o f r e n d e r i n g u n u s a b l e t h e h i g h a n g l e 
c o u n t e r s , w h i c h i n g e n e r a l c o n t a i n most s c a t t e r e d n e u t r o n c o u n t s and 
o f t e n c o n s e q u e n t l y t h e most u s e f u l d a t a . As an a l t e r n a t i v e t o t h i s , i t 
has been s h o w n 1 0 t h a t c u t t i n g down t h e v e r t i c a l h e i g h t o f t h e beam t o 
o 
1.25 cm r e s u l t s i n t h e e q u i v a l e n t i n c r e a s e d r e s o l u t i o n o f t h e 90 sample 
p o s i t i o n f o r t h e mid- and f a r i n e l a s t i c r e g i o n s ; however t h i s causes 
th e f l u x t o be h a l v e d . 
I n view o f t h e c o n f l i c t i n g r e q u i r e m e n t s o f f l u x and r e s o l u t i o n , a 
c o n f i g u r a t i o n o f 45° sample p o s i t i o n , 2 x 6 s l o t r o t o r s and peak f l u x 
- 1 
( 4 0 2 f t , 37„5cm ) has been employed t h r o u g h o u t t h i s work y i e l d i n g t h e 
t y p i c a l v a l u e s f o r r e s o l u t i o n shown i n Table 3.1. 
Samples have been r u n a t reduced t e m p e r a t u r e s w i t h t h e i n t e n t i o n 
o f s h a r p e n i n g t h e d e f i n i t i o n o f t r a n s i t i o n bands. C o n s i d e r i n g an anharmonic 
p o t e n t i a l energy w e l l w h i c h has unequal energy g r a d a t i o n s between t h e 
l e v e l s j t h e n t h e f u n d a m e n t a l seen w i l l r e s u l t from t h e t r a n s i t i o n s n -pn-1, 
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where n = 1,2,3 e t c . A l t h o u g h as n 
i n c r e a s e s , t h e i n t e n s i t y o f t h e t r a n s i t i o n 
w i l l d e c rease because o f t h e Boltzmann 
d i s t r i b u t i o n ( T a b l e 3 . 2 ) , t h e e f f e c t o f 
t h e s u p e r i m p o s i t i o n o f t h e h i g h e r t r a n s i t i o n s 
w i l l be t o i n t r o d u c e asymmetry and broaden-
i n g i n t o t h e shape o f the more i n t e n s e 1 =o 0 
t r a n s i t i o n . I t i s t h e r e f o r e u s e f u l t o 
reduce t h e p o p u l a t i o n s o f t h e l e v e l s g r e a t e r 
t h a n n = 1 by c o o l i n g , w h i l s t e n s u r i n g t h a t 
t h e n = 1 l e v e l i s n o t so d e p o p u l a t e d t h a t , 
i n t h e case o f an u p s c a t t e r i n g s p e c t r o m e t e r , 
e x c e s s i v e c o u n t i n g t i m e s a r e r e q u i r e d . 
A f u r t h e r advantage o f t h e employment o f low t e m p e r a t u r e i s t h e 
d e creased e f f e c t o f C o l l i s i o n a l B r o a d e n i n g upon t r a n s i t i o n bands. From 
Grant e t a l . 1 1 t h e F u l l W i d t h a t H a l f Maximum (FWHM) a t t r i b u t a b l e t o t h i s 
may be e x p r e s s e d as e q u a l t o : 
( l n 2 ) K W 2 Q 2 ) * 
2M 11.398 (i? ) 
2$ 
\ M. cm 
- 1 
where K_. i s t h e Boltzmann c o n s t a n t , T i s t e m p e r a t u r e ( K ) , f i i s P l a n c k ' s B 
c o n s t a n t d i v i d e d by 2ff , Q i s momentum t r a n s f e r (A * ) and M i s t h e 
12 
S a c h s - T e l l e r e f f e c t i v e mass ( A M U ) : 
2 2 2 2 -1 - l I , Y +Z + Z +X = IW + / ( v v v v 
2 2 + X +Y v 
I X 
where M i s t h e t o t a l m o l e c u l a r mass, I , I and I a r e moments o f 
x y z 
i n e r t i a about t h e p r i n c i p a l axes, and X y P Y y and Z a r e t h e e q u i l i b r i u m 
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A l t h o u g h t h e e x p r e s s i o n f o r C o l l i s i o n a l B r o a d e n i n g i s a g e n e r a l one, 
t h e e f f e c t i v e mass r e l a t i o n s t a t e d above i s o n l y a p p l i c a b l e t o t h e gas 
phase, where t h e atom v i s n o t h i n d e r e d i n i t s r e c o i l by i n t e r m o l e c u l a r 
interactions„ 
When c o n s i d e r i n g t h e l i q u i d and s o l i d s t a t e s , i t i s n o t i c e a b l e t h a t 
t h e r e i s a d e c r e a s e i n t h e w i d t h o f i n e l a s t i c peaks, and t h i s i m p l i e s t h a t 
t h e e f f e c t i v e v a l u e o f must i n c r e a s e . As y e t t h e o r y has n o t p r o g r e s s e d 
t o t h e p o i n t where e f f e c t i v e masses f o r l i q u i d s and s o l i d s can be d e t e r m i n e d 
o t h e r t h a n e m p i r i c a l l y , b u t o b v i o u s l y i t i s t h e s e v a l u e s w h i c h have most 
r e l e v a n c e t o r e s o l u t i o n c o n s i d e r a t i o n s f o r t h e systems and compounds s t u d i e d 
i n t h i s t h e s i s . 
I n an a t t e m p t t o e s t i m a t e t h e r e l a t i v e s i z e o f t h e C o l l i s i o n a l 
+ 11 
B r o a d e n i n g e f f e c t , t h e e m p i r i c a l v a l u e o f M y = 405-25 , w h i c h i s t h e 
average f o r t h e t o r s i o n a l modes o f s o l i d propane, has been s u b s t i t u t e d i n t o 
t h e e x p r e s s i o n o f G r a n t e t al„. Then C o l l i s i o n a l B r o a d e n i n g f o r a 
t e m p e r a t u r e o f 298K has been c a l c u l a t e d u s i n g v a l u e s o f Q t y p i c a l o f 
t h e s t a t e d e n e r g y T r a n s f e r s a t t h e g i v e n 6H c o u n t e r a n g l e s ( T a b l e 3 . 3 ) . 
10 
Comparison w i t h t h e r e s o l u t i o n d a t a o f Harryman and H a y t e r g i v e n a l o n g -
s i d e shows C o l l i s o n a l B r o a d e n i n g can have a n o t i c e a b l e e f f e c t on r e s o l u t i o n . 
I t i s t h e r e f o r e b e n e f i c i a l t o use reduced t e m p e r a t u r e s , and as a r e s u l t 
1/2 
o f t h e T dependence, b r o a d e n i n g w i l l be d i m i n i s h e d by, f o r example, 
a f a c t o r o f a h a l f i f a s p e c t r u m i s measured a t 77K r a t h e r t h a n 298K. 
13 
2. The Dido 4H5 T i m e - o f - F l i g h t S p e c t r o m e t e r 
The d e s i g n o f t h i s i n s t r u m e n t and mode o f o p e r a t i o n a r e 
e s s e n t i a l l y s i m i l a r t o 6H; some i m p o r t a n t d i f f e r e n c e s between t h e 
machines a r e ; -
80. 
( i ) 4H5 has a c o l d s o urce p l a c e d b e f o r e a c o l l i m a t o r o f t h e same 
d e s i g n as 6H„ The c o l d s o u r c e , w h i c h i s a l i q u i d Hydrogen c o o l e d b u l b 
(20K) about 8 cm i n d i a m e t e r , t h e r m a l i s e s f a s t n e u t r o n s c a u s i n g an 
i n c r e a s e i n t h e " u s e f u l " f l u x i n c i d e n t upon t h e b i s m u t h p o l y c r y s t a l 
(dia„3(iv)). 
( i i ) As a c o r o l l a r y o f the above, peak f l u x u s i n g 4H5 i s a t l o w e r 
O -1 0 - I 
w a v e l e n g t h (5.3 A /23„5cm ) t h a n 6H (4.2 A/37.5cm ) and the v a l u e o f 
t h e f l u x a t t h i s w a v e l e n g t h i s t w i c e t h a t o f 6H ( T a b l e 3 . 4 ) . 
( i i i ) 4H5 does n o t have t h e ^ c o n s t a n t f l i g h t p a t h between sample and 
d e t e c t o r p r e s e n t on 6H, t h e l e n g t h s b e i n g 1.9 m f o r t h e f i r s t 7 c o u n t e r s , 
1.7 m f o r c o u n t e r 8, 1.5 m f o r c o u n t e r 9, 1.4 m f o r c o u n t e r 10, 1,35 m f o r 
c o u n t e r 11 and 1„3 m f o r c o u n t e r s 12 and 13. 
( i v ) The d e t e c t o r s on 4H5 a r e p o s i t i o n e d a t t h e f o l l o w i n g a n g l e s , 
o o o o o o o o o o o o o 13 , 18 , 23 , 28 , 33 , 38 , 43 , 50 , 58 , 66 , 74 , 82 and 90 „ The 
number o f c o u n t e r p a i r s and t h e a c t i v e l e n g t h o f t h e c o u n t e r s f o r each 
o f t h e se a n g l e s v a r i e s t h u s :6 x 15 cm, 6 x 15 cm, 8 x 15 cm, 2 x 15 cm 
+ 6 x 25 cm, 4 x 31 cm, 4 x 31 cm, 4 x 31 cm, 4 x 31 cm, 4 x 31 cm, 4 x 31 cm, 
4 x 31 cm, 4 x 31 cm and 4 x 31 cm. I t may be seen t h a t t h e c o u n t e r area 
i s much l a r g e r on 4H5 t h a n 6H ( T a b l e 3 . 4 ) . 
( v ) The d e t e c t o r s on 4H5 a r e b e i n g p r o g r e s s i v e l y changed f r o m 2 
10 3 atmosphere BF^ p r o p o r t i o n a l c o u n t e r s t o t h e h i g h e r e f f i c i e n c y He t y p e . 
( T h i s p r o c e s s was s t a r t e d i n e a r l y 1978 and i s s t i l l c o n t i n u i n g . ) 
( v i ) R e s o l u t i o n d a t a f o r 4H5 i n t h e 2 x 6 s l o t r o t o r s c o n f i g u r a t i o n 
used i n t h i s work a r e shown i n Table 3.1 a l o n g w i t h those f o r 2 x 12 s l o t 
r o t o r s . Comparison between t h e v a l u e s f o r 6H and 4H5 shows t h e l a t t e r 
t o be c a p a b l e o f t h e g r e a t e r r e s o l u t i o n . From c o n s i d e r a t i o n o f t h e 
p r e v i o u s d i s c u s s i o n o f r e s o l u t i o n , t h i s s h o u l d n o t be so because a l l 
v a r i a b l e s a r e e i t h e r s i m i l a r t o 6H, °r l e s s f a v o u r a b l e as i n t h e case o f peak 
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83. 
flux„ The e x p l a n a t i o n l i e s n o t i n a v a r i a b l e , b u t i n t h e i n h e r e n t d e s i g n 
o f 4H5; t h e l o n g e r f l i g h t p a t h s between sample and d e t e c t o r s compared 
w i t h 6H„ a l l o w t h e d i s t r i b u t i o n o f t i m e s - o f - f l i g h t o f t h e s c a t t e r e d n e u t r o n s 
t o " s p r e a d o u t " , t h e r e b y o c c u p y i n g more t i m e c h a n n e l s . 
3 0 IN4 T i m e - o f - F l i g h t S p e c t r o m e t e r (dia„3(v)) 
The p r i n c i p l e o f o p e r a t i o n i s , w i t h t h e e x c e p t i o n s t o be d e t a i l e d , 
analogous t o 6H and 4H5:-
( i ) The s p e c t r o m e t e r i s s i t u a t e d on a t h e r m a l beam t u b e o f t h e 
H i g h F l u x R e a c t o r a t t h e I L L G r e n o b l e , where t y p i c a l l y t h e r e a c t o r power i s 
i n t h e o r d e r o f 56MW(26MW a t H a r w e l l ) . Table 3„4 n e v e r t h e l e s s 
2 
shows t h a t t h e f l u x p er cm i s l e s s t h a n f o r t h e H a r w e l l i n s t r u m e n t s , 
2 
a l t h o u g h t o some e x t e n t t h i s i s m i t i g a t e d by t h e l a r g e r beam area (9x4cm )„ 
The l a r g e r e d u c t i o n i n f l u x compared w i t h t h e i n i t i a l v a l u e may be 
e x p l a i n e d by t h e l o n g d i s t a n c e between t h e n e u t r o n source and sample (11m), 
and t h e h i g h e r e f f i c i e n c y o f s i n g l e c r y s t a l monochromation„ 
( i i ) Monochromation i s a c h i e v e d by Bragg s c a t t e r i n g u s i n g two 
s i n g l e c r y s t a l s , one o r b o t h o f w h i c h a r e r o t a t e d , and n o t by a chopper 
system such as t h a t employed a t H a r w e l l , The i n c i d e n t n e u t r o n energy 
may be s e l e c t e d by c h o i c e o f c r y s t a l s and by v a r i a t i o n o f t h e i r r e l a t i v e 
d i s p l a c e m e n t s ; s p i n n i n g t h e c r y s t a l produces a p u l s e d m o n o s n e r g e t i c beam. 
Double monochromation o f t h e beam i s fou n d t o a f f o r d g r e a t l y reduced 
number o f e p i t h e r m a l n e u t r o n s and h i g h e r o r d e r c o n t a i n m e n t s ( i . e . X/2, 
X/3 e t c f r o m X = 2d s i n 9? where X i s t h e w a v e l e r g t h o f t h e raonochromated 
beam, d i s t h e l a t t i c e s p a c i n g o f a g i v e n c r y s t a l , and 9 i s t h e i n c i d e n t 
a n g l e o f t h e t h e r m a l n e u t r o n beam r e l a t i v e t o t h a t p l a n e ) . 
( i i i ) C o l l i m a t o r s , i f r e q u i r e d , may be f i t t e d a f t e r t h e r o t a t i n g 
c r y s t a l s , b u t i n g e n e r a l t h e i r use i s unnecessary as s u f f i c i e n t c o l l i r a a t i o n 
i s p r o v i d e d by t h e second s i n g l e c r y s t a l . 
( i v ) There a re 37 d e t e c t o r boxes, each c o n t a i n i n g s i x 4 atmosphere 
\ . . x . \ \ \ \ \ \ 
Q 
1 Q 
D \ c •nr \ 
\ o CO. 
v5 a- 3 Q \ 3 Og o O Q 
o =5 3 
\ 
\ 3 6 
\ 11 <fS> WQ 8 Q C III 3 3 8.*ffi «£3 i i 3 ill 
<p 11 in 
T3 
\ 
3 \ o 
\ f t ) \ 




He c o u n t e r s (2.5 cm d i a m e t e r x 15 cm a c t i v e l e n g t h ) , w h i c h may be p l a c e d 
i n any o f 67 p o s i t i o n s on t h e p e r i p h e r y o f an a l u m i n i u m e n c l o s e d a r c 4m i n 
o 
r a d i u s . The h i g h e s t s c a t t e r i n g a n g l e p r o v i d e d i s 158=4 and t h e l o w e s t 
o o 8 , w h i l s t 22,5 i s t h e l o w e r l i m i t f o r a n g u l a r r e s o l u t i o n . 
Where f u l l a n g u l a r r e s o l u t i o n i s r e q u i r e d , i t i s n o t p o s s i b l e t o 
use a l l o f t h e 222 c o u n t e r s s i m u l t a n e o u s l y because t h e t i m e - o f - f l i g h t 
a n a l y s e r has o n l y 128 i n p u t s . However, when t h i s i s n o t r e q u i r e d , 
up t o 6 d e t e c t o r s may be connected i n p a r a l l e l . I n t h e l a t t e r case, 
t h e d e t e c t o r area i s l a r g e r t h a n f o r any o f t h e H a r w e l l i n s t r u m e n t s , b u t 
because o f t h e i n c r e a s e d f l i g h t p a t h , t h e number o f d e t e c t e d c o u n t s i s 
s t i l l l e s s , 
( v ) Data i s c o l l e c t e d by a T e l e f u n k e n TR86 system, and may 
be d i s p l a y e d f o r each a n g l e as a t i m e ~ o f - f l i g h t d i s t r i b u t i o n c o n v o l u t e d 
w i t h t h e r e s o l u t i o n f u n c t i o n o f t h e i n s t r u m e n t , 
( v i ) IN4 i s used t o b e s t advantage i n t h e down s c a t t e r i n g mode 
(i„e„ where n e u t r o n s l o s e energy t o t h e s a m p l e ) , and i n t h i s c o n f i g u r a t i o n 
i s c a p a b l e o f much g r e a t e r r e s o l u t i o n t h a n 4H5 o r 6H, I n o r d e r t o o b t a i n 
t h e optimum r e s o l u t i o n i n t h i s c o n f i g u r a t i o n t h e concept o f an "energy 
window" i s i n t r o d u c e d . T h i s a r i s e s as a r e s u l t o f t h e f i n i t e number o f 
channels a v a i l a b l e , each c o r r e s p o n d i n g t o an e q u a l t i m s - o f - f l i g h t 
i n c r e m e n t . The r e l a t i o n between energy and t i m e - o f - f l i g h t i s n o t l i n e a r , 
however, and as t i m e - o f - f l i g h t i n c r e a s e s , t h e e n e r g y spread w i t h i n each 
ch a n n e l becomes w i d e r and r e s o l u t i o n c o n s e q u e n t l y p o o r e r . I t i s 
advantageous, t h e r e f o r e , t o keep i n c r e a s e s i n t h e t i m e - o f - f l i g h t s m a l l , 
so t h a t f e a t u r e s o f i n t e r e s t o ccur i n t h e r e g i o n o f t h e i n s t r u m e n t s b e s t 
r e s o l u t i o n , and t h i s may be a c h i e v e d by h a v i n g t h e i n c i d e n t energy o n l y 
s l i g h t l y l a r g e r t h a n t h e t r a n s i t i o n s ) t o be i n v e s t i g a t e d . N a t u r a l l y 
t o o p e r a t e IN4 i n t h i s way r e q u i r e s t h a t t h e p o s i t i o n o f the energy 
t r a n s f e r ( s ) must be known a p p r o x i m a t e l y i n advance, so t h a t a s u i t a b l e 
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( v i i ) As IN4 i s a downscattering instrument, i t i s possible t o 
use l i q u i d Helium temperature w i t h o u t the depopulation e f f e c t g i v i n g r i s e 
to increased running times. 
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( v i i i ) Suck has compared r e s o l u t i o n and i n t e n s i t y f o r the various 
c r y s t a l c o n f i g u r a t i o n s a v a i l a b l e (dias 3 ( v i ) and 3 ( v i i ) ) . However, i t 
should be noted t h a t because the r e s o l u t i o n was measured of the vanadium 
e l a s t i c peak, the instrument was not being used i n i t s highest r e s o l u t i o n 
mode, and consequently the measurements very much correspond t o the worst 
values a t t a i n a b l e . Nonetheless, comparison w i t h 4H5 and 6H, i s s t i l l 
very favourable (Table 3.4). 
I n summary, i t was found t h a t w i t h two r o t a t i n g g r a p h i t e monochromators 
i n f i r s t order r e f l e c t i o n , a range of i n c i d e n t energies from 5 t o 12.6 meV 
may be provided: the g r e a t e s t i n t e n s i t y of any c o n f i g u r a t i o n i s at the 
l a t t e r value, and the best possible r e s o l u t i o n of the instrument at 4meV. 
With the two r o t a t i n g g r a p h i t e c r y s t a l s i n second order r e f l e c t i o n , an 
energy range i s covered between 14 and 50.4 meV; w h i l s t w i t h copper 
c r y s t a l s (normally one r o t a t i n g and one i n r e l e c t i o n ) the region 20 t o 87 mev 
i s spanned. Over t h e i r comparable energy regions, the i n t e n s i t i e s f o r 
the copper c r y s t a l s are smaller by a f a c t o r of 2 t o 2.5 than the g r a p h i t e 
c r y s t a l s , which i s a t t r i b u t a b l e t o the smaller mosaic spread and lower 
r e f l e c t i v i t y of the former. However, i n compensation, the copper c r y s t a l s 
give a r e s o l u t i o n 1.5 times g r e a t e r than t h a t of g r a p h i t e . ( R o t a t i n g 
both copper c r y s t a l s r e s u l t s i n an a d d i t i o n a l i n t e n s i t y loss by a f a c t o r 
of between 2 and 3.) 
I n the work c a r r i e d out on IN4 g r a p h i t e c r y s t a l s have been e x c l u s i v e l y 
employed, both i n f i r s t and second order r e f l e c t i o n s . 
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4. The Pluto B e r y l l i u m F i l t e r Detector (BFD) Spectrometer (dia.3 ( v i i i ) ) 
a) Monochromation 
The neutron beam passing through the Pluto 7H2L hole i s monochromated 
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dfe 3 tviii) The Pluto Beryilium Filter Defector Spectrometer, 
A E R E Harwell. 
X = 2d s i n 9 
where ^ i s the wavelength of the monochromated neutron beam, d i s the 
l a t t i c e spacing f o r a given plane of the aluminium c r y s t a l , and 0 i s the 
i n c i d e n t angle of the beam r e l a t i v e to the plane. 
I t may be seen t h a t the required i n c i d e n t energy of the neutrons upon 
the sample may be obtained by s e l e c t i o n of d and 9. 
b) C o l l i m a t i o n 
The i n c i d e n t beam i s c o l l i m a t e d between the c r y s t a l and sample by 
o 
2 x 15 cm long s o l l e r s l i t s of 0„6 i n 20 angular divergence. 
c) Sample P o s i t i o n i n g 
2 
A sample (5x5cm ) i s suspended from a centre loading l i q u i d n i t r o g e n 
o + o 
cooled c r y o s t a t so t h a t the face of the sample i s at 40 - 10 t o the 
i n c i d e n t beam. Reduced temperature i s employed to d i m i n i s h the e f f e c t 
of m u l t i p l e quantum s c a t t e r i n g ( p r o p o r t i o n a l t o the square of the temperature 
from Chapter I I ). 
d) Neutron Detection 
A f i s s i o n chamber type monitor placed immediately before the sample 
gives a measure of the i n c i d e n t neutron f l u x upon the sample. 
Scattered neutrons are detected by nine (5 cm diamter) 2 atmosphere 
10 
BFg counters p o s i t i o n e d h o r i z o n t a l l y , so t h a t a f i l t e r i s between t h e i r 
c r o s s - s e c t i o n and the sample. This f i l t e r c onsists of a 4 x 4 matrix of 
b e r y l l i u m blocks cooled t o l i q u i d n i t r o g e n temperature t o increase neutron 
transmission. 
e) Mode of Operation 
Having selected the energy range t o be studied, and the plane(s) t o be 
used, a PDP8 mini computer c a l c u l a t e s the required i n c i d e n t angles f o r the 
c r y s t a l r e l a t i v e t o the beam. The c r y s t a l i s then turned a u t o m a t i c a l l y 
to each angle i n t u r n , w h i l s t keeping the sample table and b e r y l l i u m 
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92. 
(The b e r y l l i u m f i l t e r d e t e c t o r i s not s e n s i t i v e to momentum t r a n s f e r 
(Chapter I I ) and as a r e s u l t i s placed at 90° t o the i n c i d e n t beam t o 
d i m i n i s h background.) 
Once the machine has p o s i t i o n e d at the r e l e v a n t energy, counting of 
s c a t t e r e d neutrons takes place, on the basis of e i t h e r time or monitor 
counts. The l a t t e r o p t i o n i s more g e n e r a l l y employed because the numbers 
of i n c i d e n t neutrons vary according t o plane, angle, and also the f l u x 
of the i n c i d e n t thermal beam (dia.3(ix))„ 
Only those neutrons which lose s u f f i c i e n t energy to the sample may be 
detected ( i . e . the BFD i s an energy loss i n s t r u m e n t ) , otherwise they cannot 
pass through the b e r y l l i u m f i l t e r , which has a Bragg cut o f f at 4.96 A (42 cm ~ ) . 
Thus peaks i n detected s c a t t e r e d neutron counts correspond t o t r a n s i t i o n s i n 
the sample where energy i s being absorbed, 
f ) Plane S e l e c t i o n 
The d e f i n i t i o n of peak heights r e l a t i v e to the background ( i . e . s i g n a l 
to n o i s e) i s less w i t h a BFD spectrometer than w i t h a T-O-F spectrometer, 
17 18 
and the use of 20% scatterer-s i s recommended ' compared w i t h 10% f o r the 
l a t t e r . 
As the i n c i d e n t energy upon a sample i s increased using only one plane, 
so must the value of the i n c i d e n t angl© (S) be decreased. Towards the 
high energy end of a plane, values of 9 become closer and c l o s e r together 
f o r l i n e a r increments i n energy (dia,30.x ) ) . I t i s t h e r e f o r e best t o 
use the low energy sections of a plane i f r e s o l u t i o n i s to be optimised. 
I n general, the lower order planes are found to have less r e s o l u t i o n but 
greater f l u x than higher order planes (see l a t e r ) and a compromise s o l u t i o n 
i s t h e r e f o r e employed to keep s t a t i s t i c a l considerations i n balance w i t h 
the needs of r e s o l u t i o n : 70 - 250 cm 1 1 . 1 . 1. Plane 
200 - 750 cm" 1 3 . 1 . 1. Plane 
700 - 1250cm- 1 5 . 1 . 1. Plane 
g) Response Function 
Diagram 3(x ) shows v a r i a t i o n of i n t e n s i t y p l o t t e d as a f u n c t i o n of 
i n c i d e n t energy as the BFD passes through the t r a n s i t i o n region of a 
sample. The curve i l l u s t r a t e s the combined e f f e c t s of the transmission 
of the b e r y l l i u m block, the v a r i a t i o n of counter e f f i c i e n c y w i t h i n c i d e n t 
energy, and the magnitude of the wave vector of the s c a t t e r e d neutron not 
being equal to zero (Chapter I I ) . Considering the f i r s t f a c t o r , i t was 
-1 
s t a t e d p r e v i o u s l y t h a t neutrons w i t h energies gre a t e r than 42cm were not 
detected. I n f a c t , a p l o t of b e r y l l i u m transmittance against energy (dia„ 
3 ( x ) c ) shows t h a t above the "cut o f f " at 42cm \ 3.5% of the neutrons are 
t r a n s m i t t e d and t h a t i t i s not u n t i l a second c u t - o f f at 52cm t h a t the 
b e r y l l i u m t r u l y becomes opaque. 
I t i s also worth n o t i n g at t h i s p o i n t , t h a t the t r a n s i t i o n energy 
does not correspond to the peak maximum as i n "conventional" spectroscopy, 
but t o the " t a i l " of the BFD band shape. A u s e f u l exercise i s t h e r e f o r e 
t o c a l c u l a t e a c o r r e c t i o n f a c t o r , r e l a t i n g the peak maximum found, to the 
a c t u a l t r a n s i t i o n energy represented. 
h) C o r r e c t i o n Factor 
The i n c i d e n t neutron beam of the instrument i s not completely 
mono-erargetic as a r e s u l t of mosaic spread i n the aluminium c r y s t a l and 
f i n i t e s o l l e r s l i t w i d ths. I t i s possible to i n c o r p o r a t e the e f f e c t of 
t h i s f a c t o r , together w i t h the response f u n c t i o n mentioned above, i n t o a 
t r u e c o r r e c t i o n f a c t o r . 
17 
Following Gamlen e t a l , the i n c i d e n t energy d i s t r i b u t i o n i s 
assumed to be Gaussian: 
f ( E i ) = (2 w o2 > exp(-E i I Ha ) 
where i s i n c i d e n t energy and Q i s / variance 1. 
V.. may be r e l a t e d to the i n c i d e n t angle of the neutron beam upon 
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the wave vector of the i n c i d e n t neutron. 
„ 2 , 2 ,2 2 Thus Ei = fi k j = ft tt . 1 
2m 2m 2 . 2„ 
d s i n 9 
where f i i s Planck's constant d i v i d e d by 2n, and m i s the mass of a neutron. 
The major source of e r r o r i n 8 arises from the f i n i t e s o l l e r s l i t w i d t h 
(d8 ), so t h a t the e r r o r i n E^ may be stat e d i n terms of the e r r o r i n 9 
using Bragg's law: 
dE = 2E. cote d9 i i 
Knowing E^ , cot 9 and d9 , dE^ maybe c a l c u l a t e d , and a value of O obtained 
by making dE^ the value of the F u l l Width at Half Maximum of the Gaussion 
mentioned p r e v i o u s l y . 
i . e . dE i = 20"/"21 l o g g 2 = 2.35cr 
and hence a = 2E^ cot Q d9 
235 
From the above equation i t may be seen th a t Q increases as one steps 
i n i n c r e a s i n g energy across a plane,by v i r t u e of cot Q's r e c i p r o c a l r e l a t i o n 
to the decreasing value of 9 . D i a . 3 ( x i ) i l l u s t r a t e s the above case, the 
convoluted spectrum becoming i n c r e a s i n g l y symmetrical and the displacement 
(A) of the peak maximum from the ac t u a l t r a n s i t i o n energy decreasing from 
the Response Function value of 40 cm * to a minimum value at 24.5cm 1 . 
The c o r o l l a r y of t h i s process i s t h a t the peak becomes broader and 
r e s o l u t i o n poorer. Thus t a k i n g the example of the Aluminium 3.1.1. plane 
( d i a . 3 ( x i i ) ) } the r e s o l u t i o n at 250cm 1 i s 42cm 1 (<?=2.5), w h i l s t at 850cm 1 
i t has become 55cm 1 (0'=20). 
Dia.3( x i i i ) shows the c o r r e c t i o n f a c t o r s obtained by the above 
procedure, i . e . the displacement ( A ) of the peak maximum above the t r u e 
t r a n s i t i o n energy p l o t t e d as a f u n c t i o n of i n c i d e n t energy. 
5. The Dido B e r y l l i u m F i l t e r Detector (BFD) Spectrometer (dia„3fciv) 
The Dido instrument operates i n a s i m i l a r manner to the P l u t o BFD, 
9 8 
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there are, however, some major d i f f e r e n c e s between the two machines: 
( i ) No f i g u r e s of f l u x have been measured f o r t h i s instrument 
and the value shown i n Table 3.5 i s purely an estimate based upon the 
neighbouring spectrometer„ 
( i i ) C o l l i m a t i o n i s provided by 11 s o l l e r s l i t s each 50 cm long 
o 
and 0.4 mm t h i c k g i v i n g an angular divergence of 0„47 i n 26 . The 
2 
i n c i d e n t beam produced upon the sample i s 6 x 7 cm and t h i s i s about 
1.5 times l a r g e r than f o r the Pluto machine. 
o 
( i i i ) The sample i s p o s i t i o n e d at 55 to an i n c i d e n t beam i n a centre 
l o a d i n g l i q u i d helium c r y o s t a t , which r e s t s i n the w e l l formed by two 
surrounding counter banks„ I n consequence, movement of the sample t a b l e 
r e s u l t s i n the movement o f the c r y o s t a t and de t e c t o r banks as an i n t e g r a l 
uni to 
( i v ) Each d e t e c t o r bank houses e i g h t (5cm diameter x 41cm a c t i v e 
l e n g t h ) 2 atmosphere 1 0BFg counters mounted vertically„ Only one of the 
counter banks has been o p e r a t i o n a l during the course of t h i s work, but 
even i n t h i s uncompleted s t a t e the de t e c t o r area i s approximately ten times 
t h a t of the Pluto BFD (Table 3„5)„ 
( v ) The values of i n c i d e n t angle of the neutron beam upon the 
monochromator c r y s t a l ( 6 ) , and " t a k e - o f f " angle ( ui ), t o which the 
sample t a b l e moves t o receive the i n c i d e n t beam, are c a l c u l a t e d on the 
Harwell computing system and the values obtained as punched tape. The 
machine i s then operated by feeding these energy p o i n t s defined by 9 
and u) s e q u e n t i a l l y i n t o a microprocessing u n i t v i a the punched tape, 
( v i ) The planes used f o r given energy regions are somewhat d i f f e r e n t 
using the Dido instrument compared w i t h those of Pluto as a r e s u l t of 
machine l i m i t s , i . e . lower energies are obtainable on each plane w i t h the 
Plu t o BFD, and hence the r e s o l u t i o n i s b e t t e r on the l a t t e r instrument. 
The planes used f o r each energy region are: 
96 - 416 cm"1 l . l o l o P l a n e 
336 - 896 cm"1 3„1„1.Plane 
824 - 1624 cm"1 5.1.1.Plane 
( v ) A program based upon the Q curve c o r r e c t i o n s derived by Garalen 
17 19 e t a l . has been produced by Howard f o r the Dido BFD0 This c a l c u l a t e s 
the displacement i n energy of the observed peak above the value of the 
a c t u a l t r a n s i t i o n f o r a given value of i n c i d e n t energy. 
( v i ) Spectra measured using the P l u t o BFD normalised on monitor 
counts are i n a s i m i l a r form t o o p t i c a l spectra (Chapter I I ) . This i s 
not the case f o r the Dido instrument, where a l a r g e i n h e r e n t t i m e - v a r i a b l e 
background i s found t o be superimposed upon the t r u e spectrum,, The 
presence of t h i s background may be established from the l a r g e v a r i a t i o n s 
seen, when comparing the times taken f o r i d e n t i c a l energy p o i n t s of spectra 
run, using nominally the same value of monitor counts ( o f t e n i n the order 
3 
of 10-20 seconds using the Aluminium 3.1.1. plane w i t h 3500 x 10 monitor 
counts). As the times taken should be approximately the 3ame at constant 
f l u x , i t becomes necessary t o "time normalise", when a "sample" spectrum 
has subtracted from i t t h a t of the "empty container". 
I f the t o t a l number o f s c a t t e r e d counts y i e l d e d by the "sample" at 
an energy E, f o r a given number of monitor counts Z„ r e q u i r i n g time 
t^, i s S^ ; then we may w r i t e 
S S S S S 
Zl _ _§L l l c _ ! _TVB 1 
*1 = *1 + *1 + t l + *1 
where S = counts a t t r i b u t a b l e t o the sample 
o 
S = counts a t t r i b u t a b l e t o the empty container EC 
S = counts a t t r i b u t a b l e t o time-dependent machine background B 
S = counts a t t r i b u t a b l e t o t i m e - v a r i a b l e background TVB 
S i m i l a r l y the t o t a l number of s c a t t e r e d counts S , y i e l d e d by the "empty" 
container at energy E, f o r Z monitor counts r e q u i r i n g tima t g w i l l be 
T i t o f i s ^ Q l i s e d Counts Monitor Normolised Counts 
£3 • 5 5 c m " 1 
£5 • 
1 o 127 cm 29cm 
15 o 1 212cm 1 214 cm 
8 
Of 
fit 1 © 331cm © 333 cm 327cm e 
3 
g e f a 
1 
"2> 429cm" 1 427 cm 2 •vi 
si 
-i 4S0em 693 cm a 
9- 8 1 ? 538cm 
3 3 
1 1 8 621 cm 625 cm 
i 565 cm 677cm 
1 1 "811 cm 814 cm 
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103. 
S S S S 
2 EC B TVB*j 
Considering the P l u t o instrument t , = t _ i-e,, S = S_._ = 0 and 
hence 
SS = S l " S 2 
I n the case of the Dido machine t £ t 0 , t h e r e f o r e we in t r o d u c e an 
"average time" ( t , + t _ }/2 i n t o the s u b t r a c t i o n 
i - - ( i ^ ^ ) - [ s i * (>>>- *-rw:^) 
H t2 45 1 1 x2 ^ 
I f the assumption i s now made t h a t a t an "average time" the time=variable 
backgrounds are not too d i s s i m i l a r , the above becomes 
S„ = S„ / t , + t , S 
1 
Obviously the s u b t r a c t e d spectrum obtained w i l l be s u b j e c t t o l a r g e e r r o r s 
i f the values o f the two t i m e - v a r i a b l e backgrounds are r a d i c a l l y d i f f e r e n t 
at average time,, Howevers experience has shown t h i s r a r e l y the case, and 
i n g e n e r a l , the time normalised subtracted spectrum i s found t o be a 
"smoothed" v e r s i o n of the uncorrected one ( d i a 0 3 ( x v ) ) o 
B„ Data A n a l y s i s 
U n l i k e BFD sp e c t r a , which can be obtained i n a form immediately 
comparable w i t h o p t i c a l spectra by p l o t t i n g "detected neutron counts 
per lOOOn monitor counts" versus energy, "raw" T-O-F data r e q u i r e several 
c o r r e c t i o n s to be made and then f o r m u l a t i o n i n terms o f various u s e f u l 
f u n c t i o n s ( e 0 g 0 p(ou)) before comparison,, To c a r r y out these c o r r e c t i o n s / 
f o r m u l a t i o n s , several programs have been developed a t AERE Harwell„ 
20 
1 0 Clodop and Prescat 
8,9 
The data stored by Cassandra i s recorded onto DEC tap© wh©n a run 
has been completed„ and i s then processed on the AERE 370/165 computer„ 
104. 
"Clodop" produces a l i n e - p r i n t e r output of counts against channel number 
f o r each angle of each sample p o s i t i o n and also f o r the m o n i t o r s 0 
"Prescat" uses the Clodop data t o c a l c u l a t e the parameters required 
i n the next stage of data a n a l y s i s , i . e . 
( i ) the i n c i d e n t r e c i p r o c a l v e l o c i t y 
( i i ) the i n f i n i t e energy channel (i„e„ the time channel which would 
receive neutrons t a k i n g zero time t o t r a v e l from the sample t o the d e t e c t o r ) 
( i i i ) the t o t a l time each p o s i t i o n was i n the neutron beam 
( i v ) the t o t a l counts i n each monitor 
( v ) the t o t a l counts i n the vanadium e l a s t i c peak f o r each angle 
( v i ) the centre of g r a v i t y ( i n channels) f o r each vanadium e l a s t i c peak 
20,21 
2. Circa 
Circa i n i t i a l l y c o r r e c t s the counts produced by prescat according t o 
the equation: /al°l a2C2\ ®®v 1 Corrected counts ( y ) =y—— — J g-
X 2 s 
°1 " ~2\ "~v 1 1 
O~T a. 
where 
a^ = t o t a l counts i n monitor 1 i n the vanadium p o s i t i o n 
t o t a l counts i n monitor 1 i n the sample p o s i t i o n 
= t o t a l counts i n monitor 1 i n the vanadium p o s i t i o n 
t o t a l counts i n monitor 1 i n the background p o s i t i o n 
C^  = Sample counts per channel 
C = Background counts per channel 
= T o t a l counts i n the vanadium e l a s t i c peak f o r the sample run 
= To t a l counts i n the vanadium e l a s t i c peak f o r the background run 
(V = V i f sample and background run at the same time) 
JL c* 
-2 
NQf = Vanadium cross- s e c t i o n x number of vanadium atoms cm 
_2 
KS?s = Sample cross-section x number of sample atoms cm 
j, -1 OT = Channel w i d t h i n u- second m 
= corrected counts f a c t o r ( <* sample o r i e n t a t i o n , i n c i d e n t 
r e c i p r o c a l v e l o c i t y and angle) 
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The counts y are then c o r r e c t e d f o r the energy dependence o f the 
counter e f f i c i e n c y : 
ye 
where e = counter e f f i c i e n c y a t i n c i d e n t r e c i p r o c a l v e l o c i t y ( T ) . T O O 
and e = counter e f f i c i e n c y at r e c i p r o c a l v e l o c i t y ( T ) 
T 
F i n a l l y a l i n e p r i n t e r output i s produced of sample counts (C^), 
background counts (C^)» c o r r e c t e d counts ( y ) , e f f i c i e n c y corrected counts 
(y ) and t i m e - o f - f l i g h t f o r each channel number. I n a d d i t i o n , f o r each c 
channel there i s produced a value o f : -
( i ) ALPHA from 
Qc = ft2Q2 






Planck's constant /2TT 
s c a t t e r i n g vector 
mass o f the sample element 
Boltzmann's constant 
sample temperature i n K 
2 2 2 As Q = k + k - 2k kcos 9 , where k r t and k are the neutron wave o o o 
v e c t o r s before and a f t e r s c a t t e r i n g then: 
.2 
• f t 1„5079 x 10 46 
2AK T 
i 2 cos 0 
where T q and T are the r e c i p r o c a l v e l o c i t i e s before and a f t e r s c a t t e r i n g , 
and A i s the atomic weight o f the sample element i n 
( i i ) BETA from 
= fiuj and fna 
K T 
ft k - k > _ o 
2 m J 
^E, so t h a t 
= 2.54 x 10 22 
2mK T 
B 
where ra = neutron mass (1.6748 x 10 ^ g ) 
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change i n r a d i a l frequency r e s u l t i n g from the s c a t t e r i n g event, 
energy gained by the scattered neutrons 
( i i i ) Q (measured i n A ^) 
Q - 1589 J\ + - i ^ » TT T T O O 
( i v ) Q2 
(v) ENERGY i n meV 
E = 5.2271 x 10 6 ( 4 j ~ 
T T O 
( v i ) ENERGY i n o p t i c a l wave number 
cm"1 = 8.066E 
( v i i ) SCa^) 
K x 1 0 " 1 6 T 4 e 2 x y 
s(c*,£) = - 2 c m C 2 
( v i i i ) P(o,/§) 
23 
P(«,0 = 20 sinh B/2 
22 
3. The Roundabout Programs 
( i ) Dougal 
A "smoothed" spectrum i s produced by the method of cubic splines' 
A l i s t i n g i s then generated of the p o s i t i o n s of peaks and shoulders versus 
t i m e - o f - f l i g h t . 
( i i ) Dylan 
The areas and h a l f widths of the q u a s i - e l a s t i c peaks are found from 
s(ersj§) ( c a l c u l a t e d i n c i r c a ) f o r various values of jS, having p r e v i o u s l y 
subtracted a s u i t a b l e background. 
( i i i ) Florence 
The program evaluates l i m f l o g S(o , >/5)\ 
and then the frequency d i s t r i b u t i o n f u n c t i o n 
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The e v a l u a t i o n o f t h i s f u n c t i o n allows f o r the comparison o f T-O-F 
data w i t h t h a t f o r o p t i c a l spectroscopy, the 'Q* dependence having been 
removed (see Chapter I I ) . 
( i v ) Zebedy 
This i s a program f o r p l o t t i n g p a i r s of v a r i a b l e s from the various 
data forms l i s t e d on the c i r c a hard copy outp u t . The most usual 
-1 
combination p l o t t e d i s P(Q>, §) versus Energy (cm ) . 
C= Experimental Techniques 
1. Model Compound Containment 
A c o n t a i n e r i s r e q u i r e d which s c a t t e r s almost t o t a l l y e l a s t i c a l l y , 
posseses a f a i r l y f e a t u r e l e s s i n e l a s t i c region,and does not absorb neutrons. 
Of the m a t e r i a l s which f u l f i l these c r i t e r i a , the most commonly used are 
aluminium and s i l i c a , o f which the former has the smaller c r o s s - s e c t i o n 
and l e a s t s t r u c t u r e d i n e l a s t i c spectrura„ Consequently aluminium i s used 
whenever p o s s i b l e . 
When d e a l i n g w i t h s o l i d s which were s t a b l e both w i t h respect t o a i r 
and vacuum, sachets were employed made from 0.05mm t h i c k aluminium f o i l . 
For s o l i d compounds which were a i r / w a t e r s e n s i t i v e , but un a f f e c t e d 
by pumping, a i r - t i g h t sample holders ( d i a . 3 ( x v i ) a ) were made from two 
t h i n w a l l e d s i l i c a p l a t e s (0.5 mm t h i c k x 5 cm d i a m e t e r ) . These were 
equipped w i t h a BIO socket i n t o which a brass stopper could be sealed w i t h 
picene. W i t h i n the stopper was a screw and dowty s e a l , which upon release 
allowed f o r evacuation and pressure e q u a l i s a t i o n w i t h i n a T i r a e - o f - F l i g h t 
sample changer. 
A second type o f a i r - t i g h t s i l i c a c e l l was required f o r unstable s o l i d s , 
and f o r l i q u i d s (dia„3(xvi)b)„ This was produced from two t h i c k w a l l s i l i c a 
p l a t e s (Iram t h i c k x 5 cm d i a m t e r ) , and possessed f o u r "dimples" which acted as 
spacers between the f r o n t and back plates,, Once f i l l e d v i a a BlO cone,, a 
c e l l of t h i s type was sealed under n i t r o g e n , and was then capable o f withstand-
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, b ) Thick Wall IL iquid) Type 
dia 3(HVI) Sil ica Sample Cells Used for Mode 
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Vietv from A View from B 
dia. 3(K«P) Sample Cell for Zeolite Containment: 
Cylindrical Type with Aluminium Weld 
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2„ Surface Sample Containment 
I n the case of surface samples, the l e a s t featured i n e l a s t i c region 
possible i s necessary, because they are i n general, low s c a t t e r o r s . As a 
r e s u l t of t h i s requirement, a l l surface experiments were c a r r i e d out 
using aluminium containers„ 
A second demand o f surface experimentation was the need to maintain 
the c e l l i n an evacuated s t a t e . I n order t o produce a l e a k - t i g h t c e l l 
which could be pumped out, one of two methods of c o n s t r u c t i o n was 
employed:-
( i ) The c e l l was produced i n two halves which were welded 
together, and then a copper/aluminium f r i c t i o n weld (bored out 
as a tube) was welded onto the i n t e g r a l sample can. 
or ( i i ) the container was made by b o r i n g out a l a r g e diameter 
copper/aluminium f r i c t i o n weld„ 
The employment of the f r i c t i o n weld f a c i l i t a t e d the attachment of 
a glass t o metal s e a l , by which the whole assembly could be j o i n e d to 
a vacuum l i n e . Non-uniform design of sample changers and c r y o s t a t s , 
and the d i f f e r e n t s c a t t e r i n g p r o p e r t i e s of the systems under i n v e s t i g a t i o n , 
made i t necessary t o design several d i f f e r e n t types of sample c e l l 
(Table 3,6)„ 
3„ Preparation of Surface Samples 
Z e o l i t e samples were i n i t i a l l y evacuated at room temperature, i n 
a l a r g e diameter (7cm) s i l i c a bulb, by means of an o i l d i f f u s i o n pump 
set . (The experimental set up i s shown i n dia„3(xxii))„ When the 
-5 
pressure, measured by a penning gauge at the pump head, was below 10 
Torr slow heating was applied by means of a c y l i n d r i c a l furnace. Care 
- 3 was taken t o ensure t h a t the pressure i n the system never exceeded 10 
Torr, as the temperature was raised i n c r e m e n t a l l y to 723K. At t h i s 
temperature, heating was continued f o r several hours u n t i l an u l t i m a t e 
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vacuum b e t t e r than 10 Torr was a t t a i n e d . Heating was then terminated 
and the bulb allowed t o r e g a i n ambient temperature. 
Next, both bulb and sample c o n t a i n e r were sealed o f f from the main 
body of the vacuum l i n e , and the z e o l i t e powder ( s t i l l under vacuum) was 
t r a n s f e r r e d by shaking i n t o the sample c e l l . The l a t t e r was then sealed 
o f f from the bulb and i t s spectrum measured. 
I n order t o i n t r o d u c e a gas t o the z e o l i t e , i t was necessary t o a t t a c h 
the sample c o n t a i n e r t o a gas-handling system by means of a glass breaker-
s e a l . The gas-handling system was then evacuated p r i o r t o being f i l l e d 
w i t h the r e q u i s i t e gas. Upon breaking the s e a l , by the m a n i p u l a t i o n o f 
b a l l bearings u s i n g a magnet, gas was admitted t o the c e l l . A f t e r 
a d s o r p t i o n had been accomplished, the c o n t a i n e r was re-sealed below the 
breaker-seal and i t s spectrum re-measured on the spectrometer. 
115. 
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CHAPTER IV 
SQUARE PLANAR PLATINIUM COMPLEXES CONTAINING 
V-BONDED ETHYLENE 
A„ I n t r o d u c t i o n 
I n order t o f a c i l i t a t e l a t e r INS spectroscopic studies o f ethylene 
adsorbed on z e o l i t e surfaces, i t i s advantageous t o i n v e s t i g a t e raetal-
o l e f i n i n t e r a c t i o n s i n systems which have p r e v i o u s l y been w e l l c h a r a c t e r i s e d , 
I n t h i s c o n t ext, compounds of the type c i s - and t r a n s - PtClg(CgH^)-L (where 
L i s a l i g a n d ) provide e x c e l l e n t models. 
The s t r u c t u r e s o f the complexes may be thought o f as being derived 
from Zeise's s a l t , K [ P t C l g ( C 2 H 4 ) ] , which i s square-planar: 
Zeises salt 
C 
Trans complex is complex 
1-4 
X-ray d i f f r a c t i o n s t u d i e s o f Zeise's s a l t have shown t h a t the o l e f i n 
group i s o r i e n t e d p e r p e n d i c u l a r l y t o the plane>the bonding between the 
pla t i n u m and the o l e f i n being described i n terms of the Dewar-Chatt-Duncanson 5 6 7 model ' as r e f i n e d by Wheelock e t a l . This p o s t u l a t e s t h a t f o r d i v a l e n t 
2 2 
pla t i n u m complexes, a @ bond, formed by overlap o f a 5d 6p hybrid o r b i t a l 
(formed from the d . d o o>p and p o r b i t a l s of the m e t a l ) w i t h the U 
xy' x^-y 4 *x r y 
o r b i t a l of e t h y l e n e , i s supplemented by a f back-bond, r e s u l t i n g from 
118. 
overlap of a f i l l e d metal d o r b i t a l and the ethylene a n t i b o n d i n g 77 orbital„ 
Both the i n - p l a n e d and out-of-plane d o r b i t a l s of p l a t i n u m are f i l l e d , 
xy xz ' 
and are t h e r e f o r e a v a i l a b l e f o r back-bonding„ However, i n the l a t t e r case 
there i s the f u r t h e r p o s s i b i l i t y o f h y b r i d i s a t i o n between the metal's f i l l e d 
d and empty p o r b i t a l s t o produce a f i l l e d h y b r i d w i t h lobes i n the 
d i r e c t i o n o f the o l e f i n l i g a n d , and an empty h y b r i d d i r e c t e d away from the 
ethylene molecule„ Such h y b r i d i s a t i o n (5d6p) i s considered t o al l o w 
g r e a t e r d^ overlap w i t h the o l e f i n » o r b i t a l than t h a t p o s s i b l e w i t h 
6 7 8 d or d o r b i t a l s alone ' . c a l c u l a t i o n s having i n d i c a t e d t h a t only a xy xz J 
small amount o f p ch a r a c t e r i s re q u i r e d f o r t h i s e f f e c t t o become appreciable. 
z 
Confirmatory evidence t h a t back-bonding s i m i l a r t o t h a t o u t l i n e d above does 
take place has been a f f o r d e d by neutron d i f f r a c t i o n s t u d i e s o f Zeise's 
9 10 
s a l t ' . Th©3e have shown the ethylene molecule t o have l o s t p l a n a r i t y , 
w i t h the hydrogen atoms bending symmetrically away from the c e n t r a l platinum 
3 
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11 R o t a t i o n of the o l e f i n occurs a t room temperature and has been 
1 13 12 
proved, by v a r i a b l e temperature H and C NMR , t o take place about an 
ax i s p e r p e n d i c u l a r t o the carbon-carbon bond„ A model suggested by 
13 
Cramer may be invoked t o e x p l a i n the presence o f a p o t e n t i a l b a r r i e r 
t o t h i s motion; whereby, on r o t a t i o n , w h i l s t the a bond i s r e l a t i v e l y 
u n a f f e c t e d , the m e t a l - o l e f i n 77 back-bond i s perturbed as the o l e f i n moves 
from being p e r p e n d i c u l a r t o being p a r a l l e l t o the plane„ A p o t e n t i a l 
b a r r i e r thus a r i s e s as a r e s u l t of the d i f f e r e n c e s i n IT e l e c t r o n d e n s i t y 
i n these two a l t e r n a t i v e environments. I f the bond energy i s taken 
as being p r o p o r t i o n a l t o the overlap i n t e g r a l (S) between the appropriate 
o r b i t a l s o f the metal and o l e f i n squared, and i n v e r s e l y p r o p o r t i o n a l 
t o the energy s e p a r a t i o n ( AE) between the 77 o r b i t a l o f the o l e f i n and 
14 
the d o r b i t a l s of p l a t i n u m , then : 
2 2 
V V 
P o t e n t i a l b a r r i e r « = 2§T~ 
where and r e f e r t o the " p a r a l l e l " 
o r i e n t a t i o n 
S 2 and ^ 2 r e f e r t o the " v e r t i c a l " 
o r i e n t a t i o n 
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Relative to fhe Plane xy 
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7 Molecular O r b i t a l c a l c u l a t i o n s c a r r i e d out by Wheelock e t al« have 
shown the above p i c t u r e t o be an o v e r - s i m p l i f i c a t i o n i n the case of 
d i v a l e n t t r a n s - e t h y l e n e - p l a t i n u r a complexes,, Using tra n s - P t C l (C H )„NH 
2 4 3 
as a model, the presence of a second minimum i n p o t e n t i a l energy was 
e s t a b l i s h e d corresponding t o a metastable w e l l when ethylene was p a r a l l e l 
to the p l a n e 0 
Angle of Olefin Group 
Relative to the Plane xy 
Both k i n e t i c (NMR) and spectroscopic (INS) techniques may be employed 
t o i n v e s t i g a t e p o t e n t i a l b a r r i e r s , and p a r t i c u l a r l y using the former, 
much study has been d i r e c t e d towards p l a t i n u r a - o l e f i n complexes, e s p e c i a l l y 
14-17 
those c o n t a i n i n g ethylene „ Each method y i e l d s d i f f e r e n t i n f o r m a t i o n 
about the b a r r i e r problem* K i n e t i c measurements (as a f u n c t i o n of 
temperature) enable c a l c u l a t i o n o f the energy of a c t i v a t i o n , w h i l e 
s pectroscopic s t u d i e s ( a t a s i n g l e temperature) g i v e i n f o r m a t i o n concerning 
the energy of one (o r more) t r a n s i t i o n s w i t h i n the p o t e n t i a l energy w e l l . 
From the l a t t e r , t ogether w i t h a s u i t a b l e model f o r the shape of the 
b a r r i e r , may be c a l c u l a t e d both a b a r r i e r height,and also the Zero Point 
Energy by s o l u t i o n of the Mathieu equation (Chapter II)„ The two 
measurements may be r e l a t e d thus: 




if TT 2 it 
121. 
I t proved d i f f i c u l t , however, t o f i n d examples of complexes from 
those which had been s t u d i e d by NMR, where few enough hydrogen atoms 
were present t o al l o w r e l a t i v e l y easy i n t e r p r e t a t i o n o f INS spectra. 
Ghosh e t a l „ 1 8 t h e r e f o r e measured the INS spectra of K [ P t C l ^ C ^ ) loHgO, 
[ P t C l 2 ( C 2 H 4 ) ] 2 , C s [ P t C l 3 ( C 2 H 4 ) ] and [ p d C l ^ C ^ ) ] g and compared t h e i r 
data w i t h t h a t f o r p t ( a c a c ) C l ( C 2 H 4 ) (where acac = MeCO,CH„COMe )„ 
The t o r s i o n a l ( r o t a t i o n a l ) mode about the bond between the metal 
and the centre of the carbon-carbon bond of the o l e f i n was found i n a l l 
cases t o correspond w i t h the most intense low energy v i b r a t i o n . 
Comparison o f the b a r r i e r t o r o t a t i o n c a l c u l a t e d from t h i s frequency w i t h 
t h a t obtained from NMR showed t h a t the p o t e n t i a l f u n c t i o n was best 
represented by the form: 
V V 
V(9) = - i ( 1 - cos e) + y ( 1 - cos 49) 
F u r t h e r s t u d i e s of the t o r s i o n a l frequencies i n e t h y l e n e - c o n t a i n i n g 
complexes have been c a r r i e d out by Howard e t al„ INS spectra of the 
19 
compounds T T - C ^ R M C ^ ) 2 , [ R h ( C 2 H 4 ) 2 C l ] 2 , and ff-CgHgRhCC^ )SC>2 ; 
20 21 99 I r ( C 2 H 4 ) 4 C l and [ I r ( C 2 H 4 ) 2 C l ] 2 ' ; [ R h ( C 2 H 4 ) 3 (CD 3CN) 2] B F 4 ; and 2AgN0 3,C 2H 4 
were measured. For those complexes where the ethylene groups were i n 
a c i s c o n f i g u r a t i o n ( f i r s t , second and f i f t h l i s t e d ) , , the t o r s i o n was 
observed t o s p l i t i n t o an in-phase and out-of-phase c o n t r i b u t i o n . This 
phenomenon was also reported f o r those compounds w i t h three e q u a t o r i a l 
e t hylene l i g a n d s ( f o u r t h and s i x t h l i s t e d ) , and i n the case of I r ( C H ) C I 
2 4 4 ' 
an a d d i t i o n a l frequency corresponding t o the t o r s i o n i n g o f an a x i a l ethylene 
group could be assigned. Where p o s s i b l e , the b a r r i e r heights c a l c u l a t e d 
were compared w i t h those obtained from NMR data. 
122. 
B„ Experimental 
The t r a n s - e t h y l e n e complexes, PtClgCCgH^oNDg, PtCl^CgH^oCDgCN, 
PtCl 2(C 2H 4)„DCON(CD 3) 2 and P t C l ^ C ^ ) .CgDgNDg , were formed from Zeise's 
dimer, [ P t C l (C„H ) ] , by a d d i t i o n of one e q u i v a l e n t of the a p p r o p r i a t e 
l i g a n d i n e t h a n o l , using the same procedure as t h a t described by Meester 
23 
e t al„ f o r the analogous compounds w i t h hydrogen ligands „ The cis= 
ethylene complex,PtCl 2(C 2H 4)„(CD g0 was prepared s i m i l a r l y t o the method 
24 
described i n the l i t e r a t u r e by Boucher and Bosnich f o r PtCl (C H )„(CH ) oS0 , 
I n a l l cases, deuterated l i g a n d s were employed to s i m p l i f y a n a l y s i s 
of INS spectra by decreasing the i n t e n s i t y of those hydrogenous modes 
which were not of i n t e r e s t , 
INS spectra were measured using p o l y c r y s t a l l i n e powders contained i n 
t h i n - w a l l e d s i l i c a cells„ Ti r a e - o f - F l i g h t data were obtained i n the case 
o f the t r a n s - e t h y l e n e complexes a t 243K us i n g the 6H Spectrometer ( r e d u c t i o n 
o f temperature being necessary t o counteract thermal i n s t a b i l i t y ) , , and i n 
the case of the c i s - e t h y l e n e complex at 293K using the 4H5 Spectrometer. 
BFD spectra were recorded employing the P l u t o Spectrometer ( l i q u i d n i t r o g e n 
temperature) f o r the samples PtCl^CgHjKNDg, PtCl 2(C 2H 4)<,DCON(CD 3) 2 and 
PtCl 0(C 0H.)„(CD„) oS0, and the Dido instrument ( a t temperatures o f 16K and 
77K r e s p e c t i v e l y ) f o r compounds PtCl 2(C 2H 4)„CD 3CN and PtCl^CgH^oCgDgNDg,, 
F a r - i n f r a r e d measurements (50-400cm ^) were made at ambient and 
l i q u i d n i t r o g e n temperatures using a Beckman-RIIC FS720 F o u r i e r Transform 
-1 
Spectrophotometer, w h i l s t the near-and mid-regions (200-850cm ) were 
scanned a t room temperature using a Perkin-Elmer 577 Spectrometer,, With 
the former i n s t r u m e n t , samples were run as n u j o l mulls supported on 
polyet h y l e n e d i s c , w i t h the l a t t e r , as n u j o l mulls between caesium i o d i d e 
p l a t e s 0 
123. 
Raman spectra were measured between 0 and 850cm ^ as s o l i d s , and 
between 0 and 100cm * as s o l u t i o n s i n ethanol, w i t h a Cary 82 Raman 
Spectrometer employing a Spectra-Physics Model 125 He/Ne la s e r at 15,802cm - 1 
(14mW power), 
C. Discussion of Results 
1„ The Trans-ethylene Complexes: P t C l Q ( C H ).L 
& £i ~fc 
Previous INS studies of ethylene c o n t a i n i n g complexes s i m i l a r t o those 
18 22 
under present i n v e s t i g a t i o n (Zeise's s a l t and dimer) ' have shown th a t 
motions o f the ethylene group dominate the spectra as a r e s u l t of the 
very l a r g e incoherent s c a t t e r i n g c r o s s - s e c t i o n of the protons contained 
t h e r e i n . Furthermore, there i s evidence f o r l i t t l e mixing o c c u r r i n g 
between p l a t i n u m - c h l o r i n e bending modes (found i n the region 90-210cm 
26 
i n Zeise's s a l t ) and hydrogen displacements „ I t may t h e r e f o r e be 
assumed t h a t i n T-O-F spectra (0-250cm * ) , and i n general as a good f i r s t 
approximation, t h a t INS i n t e n s i t y w i l l d e r i v e s o l e l y from v i b r a t i o n s 
i n v o l v i n g ethylene. 
A d d i t i o n of ethylene t o the square plane causes the appearance o f 
s i x new modes ( d i a , 4 ( i ) ) : three of these may be considered as hindered 
r o t a t i o n s ( T , T or antisymmetric s t r e t c h and T ). the remaining x y z 
three corresponding to hindered t r a n s l a t i o n s ( t or wag. t or rock and 
x ' y 
t or symmetric s t r e t c h ) . The v i b r a t i o n s T , t and t have a l l been z ' z x y 
18 —1 found p r e v i o u s l y i n T-O-F data ( i . e . below 250 cm ) , the most intense 
-1 of these <. and indeed the most intense band below about 700cm , being j , z 
Of the remaining three modes, "^observed w i t h o p t i c a l spectroscopy a t 
- I 2 8 J 1180cm j has not been located i n INS spectra of Zeise's s a l t and dimer/ 
w h i l s t T and t have been observed i n the BFD region (Table 4,1), 
y z 
The r e l a t i v e i n t e n s i t i e s expected of the various t r a n s l a t i o n s and 
r o t a t i o n s may be compared employing the approximation (Chapter I I ) t h a t 
2 2 
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2 and <u > i s the mean-square amplitude of v i b r a t i o n o f the s c a t t e r i n g atom. 
25 
I n the case of a t r a n s l a t i o n a l mode t h i s r e l a t i o n may be r e s t a t e d as : 
2 -1 I n t e n s i t y <* Q (Mu1^) 
where M i s the mass of the molecule 
considered 
and w i s the r a d i a l frequency of the 
v i b r a t i o n 
25 
Whi l s t f o r a r o t a t i o n a l mode, the appropriate form i s ; 
2 2 -1 I n t e n s i t y « Q r ( I R ^ ) 
where r i s the perpendicular distance 
between the s c a t t e r i n g atom and 
the axis of r o t a t i o n 
and I i s the reduced moment of i n e r t i a R 
of the molecule concerned 
Considering i n i t i a l l y BFD spectra, where t o a f i r s t approximation 
2 -1 
Q and u.^  cancel (Chapter I I ) , then f o r an ethylene t r a n s l a t i o n : 
I n t e n s i t y a H"^ a (28)"''" 
where 28 i s the mass of ethylene i n AMU 
and f o r an ethylene r o t a t i o n ( o r t o r s i o n ) : 
V 2 ( T \ ~ l I n t e n s i t y « r Ki-^l
Using the values of I about each p r i n c i p a l axis appropriate f o r a 
R 
10 
"Zeise's s a l t " s t r u c t u r e of the ethylene molecule (Appendix), the 
r a t i o of the p r e d i c t e d BFD i n t e n s i t i e s i s : 
t : t : t : T : T : T x y z x y z 
1.000 : 1.000 : 1.000 : 6.742 : 2.648 : 3.038 
This r a t i o may then be corrected t o give a guide t o the i n t e n s i t i e s 
expected f o r neutron energy gain spectra by employment of the frequencies 
22 
assigned each mode i n the INS spectrum of Zeise's s a l t (Table 4„1), and 
127 
the values o f Q associated w i t h each frequency 0 Since however, Q v a r i e s 
not o n ly w i t h respect t o frequency, but also w i t h respect t o s c a t t e r i n g 
angle and the p a r t i c u l a r T-O-F instrument used, i t i s perhaps i n f o r m a t i v e 
t o compare the i n t e n s i t y r a t i o s c a l c u l a t e d f o r the 4H5 and 6H Spectrometers 
o 












Frequency 110cm" 1 190cm" 1 400cm" 1 - 487cm" 1 170cm"1 
I n t e n s i t y 
r a t i o f o r 
the 90° 
angle o f 
4H5 
1,338 1,147 1,000 - 2,603 3,559 
I n t e n s i t y 
r a t i o f o r 
the 90° 
angle o f 6H 
1.408 1,169 1,000 - 2.563 3.676 
* T was not observed i n the INS spectra of Zeise's s a l t or dimer. x 
From p r e d i c t e d i n t e n s i t i e s , i t w i l l be seen t h a t i n the higher frequency 
spectrum, t h a t i s above about 250cm 1 , but below those energies where 
i n t e r n a l ethylene modes are l o c a t e d (ca,700cm 1 ) , o nly two bands of 
appreciable i n t e n s i t y should be seen, i , e , those corresponding t o the 
22 
symmetric and antisymmetric s t r e t c h e s . 
128. 
I n forthcoming discussions of experimentally derived T-O-F i n t e n s i t i e s , 
measurements have been c a r r i e d out by f i t t i n g peaks (using a Du Pont Curve 
Resolver) t o selected P ( a , # ) spectra. I n the f i r s t instance, Gaussians 
have been placed a t observed T-O-F t r a n s i t i o n frequencies but, where 
necessary, they have also been p o s i t i o n e d at energies i n d i c a t e d from the 
form of the t o t a l T-O-F bandshape. The areas of the peaks thus generated 
have been v a r i e d so as to achieve "best f i t " w i t h the o v e r a l l band p r o f i l e 
and the r e s u l t a n t i n t e n s i t y r a t i o measured. This r a t i o has then been 
compared w i t h t h a t p r e d i c t e d from consideration of suggested assignments 
2 
( s u i t a b l y corrected f o r frequency and "Q ")„ 
a) trans-PtCl 2(C 2H 4)„ND 3 
The INS spectra of trans-PtCl 2(C 2H 4),ND 3are shown i n dias„4(ii)-)iv), 
and are summarised i n Table 4,2,, together w i t h i n f r a r e d and Raman data. 
From the previous discussion of expected i n t e n s i t i e s , and bearing i n mind 
the i nherent lack of r e s o l u t i o n of the BFD spectrometer a t low frequency 
(Chapter I I ) , i t would be expected t h a t three intense bands would be 
-1 22 
v i s i b l e i n the BFD spectrum below 650cm , namely, those corresponding 
to the symmetric s t r e t c h ( t ) , anti-symmetric s t r e t c h ( T ) and C_ t o r s i o n 
Z y d 
23 
( T ) of the ethylene molecule (Table 4,1 ) , I n f r a r e d and Raman data 
f o r the equivalent NH^ compound have placed the symmetric s t r e t c h at 386cm 
and the anti-symmetric s t r e t c h a t 475cm \ Consequently, the v i b r a t i o n 
at 388cm 1 i n the BFD spectrum of trans-PtCl (C H ),ND may be assigned 
to the symmetric s t r e t c h and t h a t a t 474cm 1 t o the anti-symmetric s t r e t c h . 
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-1 The most i n t e n s e f e a t u r e i n the e n t i r e spectrum which occurs a t 171 cm 
(170„5cm 1 T-O-F da t a ) must t h e r e f o r e correspond t o the C_ torsion,, and 
t h i s i s i n agreement on frequency and i n t e n s i t y grounds w i t h e a r l i e r INS 
18,22 
i n v e s t i g a t i o n s . 
The peak designated the C t o r s i o n a l mode shows two d i s t i n c t shoulders 
i n the P( a , @ ) s p e c t r a , one t o h i g h frequency, and the other t o long 
wavelength. The former, seen a t 218cm 1 (203 cm 1 BFD spectrum) appears 
28 29 29 18 22 t o be the Pt-C„ rock ( t ) l o c a t e d i n i n f r a r e d ' „ Raman and INS ' 2 y * 
i n v e s t i g a t i o n s of Zeise's dimer i n the r e g i o n 190-201cm \ and i n o p t i c a l 
— 1 26 29 
s t u d i e s only o f Zeise's s a l t between 210 and 219cm ' (Table 4,1), 
-1 
The second shoulder, observed at 122cm i n the neutron energy g a i n spectra, 
but not found i n the BFD spectrum, may a l s o be c o r r e l a t e d w i t h a platinura-
ethylene t r a n s l a t i o n a l mode, i n t h i s case the Pt-C wag ( t ) , This i s again 
— 1 26 
i n accordance w i t h i n f r a r e d measurements o f Zeise's s a l t (121cm ), and the 
-1 22 
INS spectra o f Zeise's dimer (110cm ) , The experimental r a t i o of 
i n t e n s i t i e s , t x : t : T^, thus evaluated from the P ( a , /3) spectrum (angle 
54°) on the basis of these assignments i s l o 0 0 : 1,00: 2,55, which compares 
reasonably w i t h p r e d i c t e d values of 1,06: 1,00; 3,04, 
-1 
Of the remaining u n i d e n t i f i e d INS v i b r a t i o n s , those at 713cra and 
810cm 1 must correspond t o CH ro c k i n g modes, the former o f which i s found 
at about 720cm" 1 f o r both K[ P t C l ^ C , ^ ) ] and [ P t C l 2 ( C 2 H 4 ) ] 2 2 2 ' 2 9 f and 
-1 - 1 O O O Q 
the l a t t e r at 840 era f o r Zeise's s a l t and 814-28cra f o r the dimer, ' 
F i n a l l y , the peak found a t 44 cm 1 i n the BFD spectrum may, on account 
o f t h i s instrument's poor frequency r e s o l u t i o n at low energies, be assumed 
-I 
t o be the e q u i v a l e n t o f t h a t l o c a t e d a t 61cra i n T-O-F data. Although 
no i n f r a r e d measurements could be made i n t h i s r e g i o n , a t r a n s i t i o n was 
134. 
observed i n the Raman spectrum at 48 cm 1 using trans-PtCl-(C H.),ND powder. 
2 2 4 3 
Further Raman spectra were recorded of the complex i n e t h a n o l i c s o l u t i o n , 
and o f a "background" which consisted of the s i l i c a sample tube f i l l e d 
w i t h ethanol. I t was not possible i n the s o l u t i o n work to f i n d at 48cm 1 
a band of an i n t e n s i t y such t h a t i t could not be a t t r i b u t e d t o the background, 
and hence i t would seem reasonable t o presume t h a t the v i b r a t i o n found i n 
t h i s r egion represents a l a t t i c e mode. Some support f o r t h i s conclusion 
31 
may be derived from the work of F r i t z and Sellmann , where an i n f r a r e d 
-1 
a c t i v e peak at 48cm i n the spectrum of cis-PtClgCCgH^).NH^ has been 
assigned t o a l a t t i c e v i b r a t i o n . U n f o r t u n a t e l y , the presence of t h i s 
frequency was not reported i n the i n f r a r e d measurements also c a r r i e d out 
on trans-PtCl„(C0H,).NH,. 
Compared w i t h the region of the trans-PtCl„(C H ).NH spectrum 
23 
i n v e s t i g a t e d by Meester e t a l , , the i n f r a r e d and Raman spectra of t r a n s -
PtCl 2(C 2H 4),ND 3 are e s s e n t i a l l y i n agreement (Table 4.2). We may thus 
f u r t h e r assign the symmetric and antisymmetric c h l o r i n e s t r e t c h e s (guided 
-1 2 3 
by the hydrogenous l i g a n d complex where both v i b r a t i o n s occur at 338cm ) 
t o the frequencies 330cm ^ (Raman) and 337cm 1 ( i n f r a r e d ) r e s p e c t i v e l y . 
Bands i n the spectra t o longer wavelength are, however, more d i f f i c u l t 
t o i d e n t i f y as they r e s u l t from various bending modes of the square planar 
skeleton, the a c t i v i t i e s and possible s p l i t t i n g of which are problematical 
i n the absence of accurate s t r u c t u r a l data. Discussion and assignment 
of t h i s p a r t of the spectrum must t h e r e f o r e of necessity be extremely 
t e n t a t i v e . 
V i b r a t i o n s at 161cm 1 and 183cm 1 i n the i n f r a r e d spectrum of K [ P t C l 3 ( C 2 H 4 
have been designated 5 ( c i - P t - C l n g ) + (Cl-Pt-CgHj) and 6 ( c i - P t - C l ) 
26 r " 
r e s p e c t i v e l y (Table 4.3 and d i a . 4 ( v ) ) . However, f o r trans-Pt(NH ) CI , 32-4 -1 e f f e c t i v e l y the reverse assignments have been made w i t h a band at 181cm 
i n the INS spectrum being i d e n t i f i e d w i t h 6(N-Pt-Cl), and a peak at 156cm 1 
(Ok 
=0 
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TABLE 4.3 The Infrared Spectroscopic Frequencies and Assignments of 
Zeise's Saif below 410cm'1 (after Grogqn and Nakamoto26) 
Frequency (cm ^) Assignment Symmetry 
407 V (Pt-C„H,) A, s 2 4 1 
339 V ( P t - C l ) B„ as 2 
331 V ( P t - C l ) s A l 
310 l / ( P t - C l t ) \ 
210 6(C1-Pt-C 2H ) B_ 
+6(C1-Pt-Cl) 2 
183 6 (ci-Pt -ci ) A l 
6(C1-Pt-Cl t) 161 +(C1-Pt-C„H.) 
2 4 
B 2 
121 r?(c0H -Pt - c i ) 2 4 t B l 
92 tr (c i-Pt -c i ) B l 
V = s t r e t c h ; 6 = bend i n zy plane; n = bend out of zy plane; 
s = symmetric; as = antisymmetric; t i d e n t i f i e s that chloride 
ion trans to the o l e f i n . 
TABLE 4.4 The Spectroscopic Frequencies and Assignments of trans-Pt(NH., ) 0C1 
( a f t e r Howard and Waddington ) 
Infrare d and 
Raman 3 3(cm"*) INS (cm 1 ) Assignment 
248 6(N-Pt-N) 
235 239 ff(Pt-N) 
207 213 
181 3* a(N-Pt-Cl) 
162 Torsion 
156 6(C1-P=C1) 
136 140 Tr(Pt -c i ) 
95 
50 
6 = in-plane bend; V - out-of-plane bend. 
137 
l a b e l l e d 6 ( C 1 - P t - C l ) ( T a b l e 4 . 4 ) . Comparison of the s p e c t r a obtained by 
23 
Meester e t a l . f o r t r a n s - P t C l (C H ).NH wi t h those recorded i n the p r e s e n t 
work f o r the ND^ complex i n d i c a t e s t h a t the 185cm 1 i n f r a r e d v i b r a t i o n of the 
-1 
former appears i n s e n s i t i v e to d e u t e r a t i o n , w h i l s t the 166cm frequency has 
no obvious analogue i n the i n f r a r e d spectrum of the d e u t e r a t e d compound. 
I t would seem reasonable on both i n t e n s i t y and frequency grounds t h a t 
assignments of the two bands should be made f o l l o w i n g the g e n e r a l c o n c l u s i o n s 
f o r K [ P t C l 3 ( C 2 H 4 ) ] a n d t r a n s - P t ( N H 3 ) 2 C 1 2 » t n a t i s t o bending modes i n v o l v i n g 
predominantly c h l o r i n e . However, on the b a s i s of the p r e s e n t evidence, 
i t i s i m p o s s i b l e to conclude which of the two assignment schemes p e r t a i n s . 
The f r e q u e n c i e s of 207cm * and 225cra 1 i n the Raman and i n f r a r e d 
s p e c t r a r e s p e c t i v e l y of trans-PtClgCCgH^).NH^ are v i r t u a l l y u n s h i f t e d on 
d e u t e r a t i o n , but are capable of s e v e r a l c o n f l i c t i n g assignments. One 
-1 
p o s s i b l e c o r r e l a t i o n of the 225cm v i b r a t i o n i s w i t h the Pt-C_ rock ( t , . ) , 
both on the grounds of the r e p o r t e d i n t e n s i t y of t h i s mode i n Z e i s e ' s s a l t 
26 27 29 
and dimer, ' ' and a l s o the frequency a t which i t has been observed i n 
26 29 
Z e i s e ' s s a l t ' and the other t r a n s complexes to be d i s c u s s e d i n succeeding 
s e c t i o n s . On t h i s assignment scheme, the lower energy v i b r a t i o n would, as 
a consequence of i t s i n v a r i a n c e w i t h d e u t e r a t i o n , i m p l i c i t l y r e p r e s e n t a 
bending mode i n v o l v i n g mainly c h l o r i n e and/or ethylene.However, because of previous 
assignments, t h i s c r i t e r i o n could o n l y be f u l f i l l e d i f the t r a n s i t i o n r e s u l t e d 
-1 -1 -1 from s p l i t t i n g of the bands a t 185cm or 225cm . C o n v e r s e l y , the 225cm i n f r a r e d frequency of t r a n s - P t C l g ( C 9 H 4 ) . N B ^ i s not f a r removed from e n e r g i e s 
-1 -1 
a t which Pt-N bends have been l o c a t e d ( f o r example, 235cm and 248cm i n 
33 
trans-Pt(NH„) 0C1 0 ) . Furthermore, the d e u t e r a t i o n s h i f t expected f o r a 
mode e q u i v a l e n t to an NH^ t r a n s l a t i o n i s extremely s m a l l (0.960 ) . Indeed, 
/ T h i s d e u t e r a t i o n s h i f t has been e v a l u a t e d making the approximation that the 
bend could be l i k e n e d to t h a t of a l i n e a r t r i a t o n i c molecule of the form» 
X-Y-Z: C2H4"PtCl2~NH3. The a p p r o p r i a t e formula of Herzberg f o r a bending 
mode of a molecule of t h i s type has then been employed, assuming: 
( i ) t h a t the bond l e n g t h s are those contained i n Appendix 2, and 
( i i ) t h a t the bending c o n s t a n t remains unchanged on d e u t e r a t i o n . 
I n o r d er to check the v a l i d i t y of t h i s approach, the d e u t e r a t i o n s h i f t s 
expected f o r the bending modes ( t ^ and t y ) of the e t h y l e n e group i n Z e i s e ' s s a l t 
were c a l c u l a t e d , and checked a g a i n s t those i n d i c a t e d u s i n g an approach s i m i l a r to 
the above. The r e s u l t s were tK:121cm~ ( C 2 H 4 ) * 1 1 7 c m _ 1 ( C 2 D ^ ) 2 6 _ 0.967 and t y : 210cm *<C0H.) ~» 198cm~ 1(CoD/ L) 2 6 = 0.943, compared w i t h p r e d i c t e d s h i f t s of 0.968. 
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the d e u t e r a t i o n s h i f t , i f such i t i s , between the 225cm * i n f r a r e d band of the 
NH l i g a n d complex, and the 220 cm 1 i n f r a r e d peak of trans-PtCl„(C H ).ND i s 
0.978. I f t h i s i d e n t i f i c a t i o n i s made, and the 225cm 1 frequency i s taken 
as r e p r e s e n t i n g a Pt-N bend, then the rocking mode ( t y ) °f t n e ethylene 
group could be assigned to the 207cm 1 Raman band of t r a n s - P t C l - ( C H )„NH„. 
Unfortunately, the INS s p e c t r a l data o f f e r l i t t l e a d d i t i o n a l guidance, 
because the e r r o r i n the frequency determination of the et h y l e n e rock ( t y ) 
encompasses both o p t i c a l l y d e r i v e d bands. I t i s t h e r e f o r e p a r t l y from the 
26 29 
evidence of the o p t i c a l s p e c t r a of Z e i s e ' s s a l t ' and p a r t l y because the 
P(a,$) s p e c t r a d i s p l a y g r e a t e r r e s o l u t i o n of the f e a t u r e assigned i n the INS 
s p e c t r a as the ethylene rock ( t y ) , t h a t t h i s mode has been t e n t a t i v e l y 
i d e n t i f i e d w i t h the higher frequency v i b r a t i o n (225cm 
Co n s i d e r i n g now the higher frequency Raman and i n f r a r e d s p e c t r a , Meester 
23 
e t a l . designated an i n f r a r e d v i b r a t i o n of t r a n s - P t C l ( C H ) . N H l o c a t e d 
at 475cm ^ a platinum-ligand mode. Although the s p e c t r a of the complexes 
w i t h deuterated and hydrogenous l i g a n d s are very s i m i l a r i n t h i s region, a 
shoulder seems to have appeared a t 436cm 1 i n the Raman of trans-PtCl 2(C 2H 4).ND^< 
I f t h i s i s c o r r e l a t e d w i t h the 475cm 1 v i b r a t i o n , a d e u t e r a t i o n s h i f t of 0.918 i s 
found, which i s i n good agreement w i t h t h a t c a l c u l a t e d f o r the Pt-N s t r e t c h 
u s i n g the reduced masses of t r a n s - P t C l 2 ( C 2 H 4 ) - N H 3 and trans-PtCl 2(CgH^)-ND 3 
( 0 . 9 2 6 ) . 
At s t i l l h igher frequency i n the i n f r a r e d of t r a n s - P t C l 2 ( C 2 H 4 ) " N D ^ , 
a peak occurs a t 720cm 1 with a shoulder at 735cm 1„ From the INS data, 
29 
and the assignments of H L r a i s h i f o r Z e i s e ' s s a l t and dimer, t h i s 
undoubtedly corresponds to a CH rocking mode. 
b ) t r a n s - P t C l 2 ( C 2 H 4 ) . CD^CN 
The INS s p e c t r a of trans-PtClg(C 2H 4).CDgCN are shown i n d i a s . 4 ( v i ) - ( v i i i ) , 
and are summarised, together with i n f r a r e d and Raman data, i n Table 4.5. 
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As f o r the previous complex, the three most i n t e n s e bands i n the BFD 
-1 -1 -1 -1 spectrum below 700cm , those at 163cm (166.5cm T-O-F d a t a ) , 394cm 
and 475cm \ may be assigned to the t o r s i o n a l mode ( T z ) > 
the symmetric s t r e t c h ( t ) and the antisymmetric s t r e t c h ( T ) r e s p e c t i v e l y 
23 
of e t h y l e n e . Again t h i s i s i n accordance with the study of Meester e t a l . , 
who found, f o r tr a n s - P t C l g ( C 2 H 4 ) . C H 3 C N , the l a t t e r two f r e q u e n c i e s a t 394cm 1 
and 482cm \ 
The Cg t o r s i o n a l mode d i s p l a y s a shoulder to high frequency (observed 
i n the neutron energy gain s p e c t r a a t 207cm and i n the BFD spectrum a t 
222cm 1 ) which presumably r e p r e s e n t s the Pt-C rock ( t ) . However, f o r 
2 y t h i s complex the evidence f o r a band to the long wavelength s i d e of the 
T peak, which would correspond to the Pt-C wag ( t ) , i s s l i g h t l y more 
2, x 
s p e c u l a t i v e . N e v e r t h e l e s s , there does appear to be a shoulder present i n 
the P(ot ,fi) s p e c t r a a t about 127.5cm \ which becomes more c l e a r l y d i s c e r n i b l e 
a t low angle. Furthermore, the r a t i o of the i n t e n s i t i e s t : t : T . 
x y z 
found from the P(cv )^) spectrum (angle 36°) on the b a s i s of these assignments, 
1.00: 1.00 : 2.55, i s not too d i s s i m i l a r from the c a l c u l a t e d v alues of 
1.00; 1.06: 3.11. 
I n order to study more f u l l y the bands i d e n t i f i e d a t 29cm \ 49.5cm 1 
-1 
and 82cm , supplementary Raman s p e c t r a were measured of the complex as a 
s o l i d and i n e t h a n o l i c s o l u t i o n . Only the e q u i v a l e n t s of the two lower 
frequency peaks were observed i n the s o l i d phase Raman s p e c t r a , and i n 
common wi t h the f i n d i n g s for t r a n s - P t C l 2 ( C 2 H 4 ) . N D ^ , no corresponding v i b r a t i o n s 
of the c o r r e c t i n t e n s i t i e s could be l o c a t e d i n the s o l u t i o n work. 
S i m i l a r l y , t h e r e f o r e , i t must be presumed t h a t the 29cm * and 49.5cm * 
fr e q u e n c i e s are l a t t i c e modes, and the degree of d i s p e r s i o n e v i d e n t i n the 
6H s p e c t r a between v a r i o u s angles appears to provide f u r t h e r c o r r o b o r a t i o n . 
Assignment of the 82cm 1 t r a n s i t i o n , however, provides more d i f f i c u l t y 
by v i r t u e of i t s non-location i n the o p t i c a l s p e c t r a . Nonetheless, the 
144. 
i n t e n s i t y of t h i s peak appears from the evidence of the P(a,0) s p e c t r a , 
to be d r a m a t i c a l l y a n g u l a r l y dependent. Hence the frequency,analogously 
-1 -1 
with the 29cm and 49„5cm bands, has been a s c r i b e d to a l a t t i c e v i b r a t i o n . 
Of the remaining INS peaks, those at h i g h e s t energy (724cm 1 and 830cm 1 ) 
may be assigned to the CH^ rocking modes found at s i m i l a r e n e r g i e s i n both 
22.29 
Z e i s e ' s s a l t and dimer „ This l e a v e s one band unaccounted f o r i n the 
BFD spectrum; that s i t u a t e d at 339cm \ T h i s i s i n the region of the 
23 
spectrum where Meester e t a l . have i d e n t i f i e d the P t - C l symmetric and 
antisymmetric s t r e t c h e s (342cm and 345cm 1 r e s p e c t i v e l y ) f o r the complex 
trans-PtCl 2(C 2H 4).CH 3CN„ 
I t i s unreasonable to assume that the motion of the c h l o r i n e atoms 
themselves would be seen i n the INS spectrum because they have an incoherent 
c r o s s - s e c t i o n of 3.5 barns compared w i t h the 79.7 barns of hydrogen and 
furthermore, only number two. However, i n square p l a n a r complexes, the 
symmetric s t r e t c h of the c h l o r i n e atoms ( ^ ( P t - C l ) d i a .4(v)) g i v e s r i s e to a 
sympathetic symmetric s t r e t c h i n the C ? H ^ — P t — Ligand p a r t of the system. 
I t i s t h e r e f o r e probable t h a t the v ( P t - C l ) mode i s being observed i n the 
s 
INS spectrum as a r e s u l t of " m i r r o r i n g " by the e t h y l e n e group, which of 
course contains four protons. I f the e f f e c t i s considered s i m p l i s t i c a l l y 
i n terms of four s p r i n g s connecting the four l i g a n d s of the square p l a n a r 
complex to the c e n t r a l platinum atom, i t may be seen that the i n t e n s i t y 
of the "mirrored" C l - P t - C l s t r e t c h w i l l depend upon the l i g a n d opposite 
the e t h y l e n e group. I f a l i g a n d l i g h t e r than ethylene i s present, the 
r e l a t i v e moments of i n e r t i a of the two groups w i l l decree t h a t the l i g h t e r 
group moves through a very much g r e a t e r amplitude of v i b r a t i o n than e t h y l e n e . 
As a r e s u l t , l** ( P t - C l ) w i l l d i s p l a y only weak or n e g l i g i b l e i n t e n s i t y , 
which i s presumably the case for the complex trans-PtCl„(C„H.).ND . 
Conversely, where the ethylene group i s the l i g h t e r of the two d i a m e t r i c a l l y 
opposed l i g a n d s , the amplitude of v i b r a t i o n of ethylene w i l l be correspondingly 
145. 
g r e a t e r , and the p l a t i n u m - c h l o r i n e symmetric s t r e t c h w i l l show up w i t h 
i n c r e a s e d i n t e n s i t y . 
C o n sidering now the o p t i c a l s p e c t r a of trans-PtClgtCgH^).CD^CN, the 
a d d i t i o n a l assignment of the P t - C l antisymmetric s t r e t c h may be made to 
the i n f r a r e d band a t 346cm \ w h i l s t the l o c a t i o n of the P t - C l symmetric 
mode may be confirmed from the Raman peak a t 344cm \ 
As w i t h t r a n s - P t C l (C H ).ND the i d e n t i f i c a t i o n of bands to the low 
frequency s i d e of the c h l o r i n e s t r e t c h i n g region i s somewhat d i f f i c u l t and 
hence exceedingly t e n t a t i v e . However, the assignments of Grogan and 
Nakamoto f o r K[PtClgCC^H^)J (Table 4.3) may be used as guidance. In 
t h i s case, i t appears t h a t the 163cm ^ i n f r a r e d frequency of t r a n s -
P t C l 2 ( C 2 H 4 ) ,CH3CN remains unchanged on d e u t e r a t i o n , w h i l s t that at 191 cm 1 
i s s h i f t e d approximately 10cm 1 . The i n t e n s i t y of the former v i b r a t i o n 
appears too great f o r i d e n t i f i c a t i o n with the f o r m a l l y i n f r a r e d i n a c t i v e 
Cg t o r s i o n and, furthermore, does not seem i n v e r s e l y s e n s i t i v e to temperature 
3 6 
i n the manner which has been reported f o r such modes. I t may t h e r e f o r e 
seem th a t the assignments f o r Z e i s e ' s s a l t should be reve r s e d (or tha t 
33 34 
an analogous p a t t e r n to that suggested f o r P t t N H ^ ^ C l g ' should be 
fo l l o w e d ) , with the u n s h i f t e d band(163cm "Sbeing c o r r e l a t e d w i t h 6 ( C 1 - P t - C l ) , 
-1 . 
and the 191cm shoulder with O(Cl-Pt-N). However, when i t i s considered 
t h a t s c a r c e l y any d e u t e r a t i o n s h i f t i s expected of the 6(CI-Pt-N) v i b r a t i o n 
(0.989^), and tha t the e x p e r i m e n t a l l y determined s h i f t i s 0.948, i t would 
appear t h a t the j u s t i f i c a t i o n f o r so doing i s s l i g h t . 
Of the v i b r a t i o n s remaining, that at 124cm 1 i n the f a r - i n f r a r e d of 
the CDgCN complex i s almost unchanged i n frequency from the hydrogenous 
compound, w h i l s t that at 107cm 1 has no reported analogue i n the spectrum 
/ T h i s s h i f t has been c a l c u l a t e d making the approximation t h a t the bend could 
be compared with t h a t of a l i n e a r t r i a t o n i c molecule of the form,X-Y-Z: 
CgH^-PtClg-CHgCN. The appropriate formula of H e r z b e r g 3 5 f o r a bending mode 
of t h i s type has then been employed assuming: 
( i ) that the bond lengths are those contained i n Appendix 3, and 
( i i ) that the bending constant remains unchanged on d e u t e r a t i o n 
146. 
of t r a n s - P t C l 2 ( C 2 H 4 ) . C H 3 C N . On grounds of both frequency and i n v a r i a n c e 
to d e u t e r a t i o n , the former must be designated the Pt-C wag ( t ) . I t would 
thus appear t h a t the 107cm 1 peak r e p r e s e n t s the out-of-plane c h l o r i n e bend, 
f r ( C l - P t - C l ) , reported a t the s l i g h t l y lower frequency of 92cm 1 i n Z e i s e ' s 
26 
s a l t (Table 4 . 3 ) . I n f a i r n e s s , though, i t should be pointed out tha t t h i s 
mode might p o s s i b l y be assigned to the 82cm 1 peak l o c a t e d i n the INS s p e c t r a . 
However,the apparently d i s p e r s i v e nature of the 82cm 1 frequency i n the INS 
s p e c t r a , coupled w i t h i t s n o n - l o c a t i o n i n the o p t i c a l s p e c t r a ( t h i s mode i s 
27 29 
considered to be of moderate i n t e n s i t y i n Z e i s e ' s s a l t ' ) would seem 
to i n v a l i d a t e t h i s assignment. 
The remarnihg low frequency peak, t h a t a t 200cm 1 i n the i n f r a r e d 
spectrum of tr a n s - P t C l 2 ( C 2 H 4 ) . C H g C N , i s u n s h i f t e d on d e u t e r a t i o n , and of 
the bending modes predominantly i n v o l v i n g c h l o r i n e and/or ethylene, as 
yet unassigned, only the Pt-Cg rock has not been i d e n t i f i e d . For t h i s 
reason i t has been c o r r e l a t e d w i t h the 207/222cm 1 INS v i b r a t i o n . 
The i n f r a r e d band at 243cra 1 i n the compound c o n t a i n i n g the hydrogenous 
l i g a n d has apparently moved on d e u t e r a t i o n to 229cm \ Thi s r e p r e s e n t s a 
d e u t e r a t i o n s h i f t of 0„977, w h i l s t that c a l c u l a t e d u s i n g the reduced masses 
of t r a n s - P t C l 2 ( C 2 H 4 ) - C H 3 C N and t r a n s - P t C l 2 ( C 2 H 4 ) - C D 3 C N i s 0.970. There 
would t h e r e f o r e seem to be support f o r the assignment of the 243cm 1 
23 
frequency by Meester e t a l . to t/(Pt-N). 
C o n s i d e r i n g f i n a l l y the higher energy bands, s u f f i c i e n t data are 
a v a i l a b l e only f o r the p o s i t i v e assignment of the 721/735cm 1 , and the 
840/865cm 1 i n f r a r e d v i b r a t i o n s to the two CHg r o c k i n g modes of eth y l e n e ; 
although the Raman f r e q u e n c i e s of 361cm 1 and 368cm 1 are not d i s s i m i l a r to 
those observed.in the i n f r a r e d spectrum of the l i q u i d CD^CN used i n the 
p r e p a r a t i o n of the complex under i n v e s t i g a t i o n (356cm ^ and 374cm " " ) . 
c ) t r a n s - P t C l 2 ( C 2 H 4 ) . D C 0 N ( C D 3 ) 2 
The INS s p e c t r a of t r a n s - P t d 2 ( C 2 H 4 ) . DCQN(C0 3) are shown i n d i a s 0 4 ( i x ) -
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( x i ) and a r e summarised, t o g e t h e r w i t h i n f r a r e d and Raman d a t a i n Tabl e 4.6. 
Use o f t h e i n t e n s i t y r e l a t i o n s developed p r e v i o u s l y e n a b l e s s t r a i g h t -
f o r w a r d i d e n t i f i c a t i o n i n t h e INS s p e c t r a o f t h e C t o r s i o n a l mode ( T ) , 
2 z 
symmetric s t r e t c h ( t ) and a n t i s y m m e t r i c s t r e t c h ( T ) o f t h e e t h y l e n e group 
z y 
at t h e f r e q u e n c i e s , 175/178cm 1 , 417cm 1 and 505cm 1 respectively„ The two 
l a t t e r compare w i t h p u b l i s h e d f r e q u e n c i e s o f 406cm 1 and 484cm 1 f o r t h e 
c o r r e s p o n d i n g symmetric and a n t i s y m m e t r i c s t r e t c h e s o f e t h y l e n e i n t h e 
23 
complex trans-PtCl 2(C 2H 4)„HCON(CH 3) 2 , 
Once more t h e t o r s i o n a l peak may be seen i n t h e P( « , $ ) s p e c t r a 
t o d i s p l a y a d i s t i n c t s h o u l d e r t o h i g h f r e q u e n c y , and a l e s s w e l l r e s o l v e d 
s h o u l d e r t o l o n g w a v e l e n g t h , w h i c h becomes i n c r e a s i n g l y d i s t i n c t w i t h 
d e c r e a s i n g a n g l e . F o l l o w i n g p r e c e d e n t , t h e h i g h f r e q u e n c y s h o u l d e r (218cm 
may be d e s i g n a t e d t h e Pt-C^ r o c k i n g mode ( t ^ ) , w h i l s t t h e second s h o u l d e r 
(132„5cm 1 ) appears t o c o r r e l a t e w i t h t h e P t - C 0 wag ( t )„ U s i n g t h e 
above assignments, t h e i n t e n s i t i e s t : t :T have been measured i n t h e 
x y z 
P( a , /9 ) spectrum (angle 5 4 ° ) 0 The r e s u l t a n t r a t i o ; 1„00: 1„04: 2„30, w i l l 
be seen t o be n o t mar k e d l y d i f f e r e n t t o those o b t a i n e d f o r t h e complexes 
trans-PtCl 2(C 2H 4)„ND 3 and t r a n s - P t C l 2 ( C 2 H 4 ) o C D 3 C N , and compares w i t h 
a n t i c i p a t e d v a l u e s o f 1.04: 1.00; 3.08,, 
Of t h e l o w e s t f r e q u e n c y T-O-F v i b r a t i o n s , t h o s e a t 34.0cm \ 51.0cm 1 
and 85.0cm 1 a l l appear d i s p e r s i v e f r o m t h e T-O-F d a t a and f u r t h e r m o r e , 
a l t h o u g h r e p r e s e n t e d i n s o l i d phase Raman s p e c t r a , c o u l d n o t be l o c a t e d 
when e t h a n o l s o l u t i o n s p e c t r a were measured. Consequently, t h e y would 
appear t o be l a t t i c e modes. 
R e t u r n i n g t o t h e BFD spectrum, by ana l o g y w i t h t h e complexes d i s c u s s e d 
b e f o r e , t h e two i n t e n s e bands a t 753/761cm 1 and 818cm 1 must c o r r e s p o n d 
t o t h e two CH 2 r o c k i n g modes. However, i t i s i n t e r e s t i n g t o n o t e t h a t 
t h e f o r m e r peak i s t o h i g h e r energy i n t h i s compound t h a n t h e comparable 
bands observed f o r t h e compounds t r a n s - P t C l 2 ( C 2 H 4 ) . N D g a n d trans-PtCl^CgH^.CDgCN. 
- 1 The v i b r a t i o n o f moderate i n t e n s i t y o b s e r v e d a t 345cm i s v e r y c l o s e 
t o t h e C l - P t - C l s y m m e t r i c s t r e t c h i n g f r e q u e n c y (340cra * ) i d e n t i f i e d f o r th© 
23 
HCONCCH^g compound . The presence o f t h i s v i b r a t i o n i n t h e BFD sp e c t r u m 
may a g a i n be e x p l a i n e d u s i n g t h e r e a s o n i n g a p p l i e d f o r trans-PtClgCCgH^) 0CD 3CN„ 
t h e s e e m i n g l y g r e a t e r i n t e n s i t y o f t h e c h l o r i n e mode r e l a t i v e t o t h e e t h y l e n e 
s y m m e t r i c s t r e t c h i n t h e trans-PtClg(CgH^).DC0N(CD 3> 2 complex b e i n g e x p l i c a b l e 
as a consequence o f t h e g r e a t e r mass o f t h e DCON(CD ) l i g a n d . 
T u r n i n g now t o t h e i n f r a r e d and Raman s p e c t r a o f t r a n s - P t C l _ (C 0H. ) <,DCON(CD_ )„ 
.s 2 4 3 2 
t h e a d d i t i o n a l a s s i g n m e n t o f t h e platinum-chlorin© a n t i s y m m e t r i c s t r e t c h may 
- 1 
be made t o t h e f r e q u e n c y o f 338cm w h i c h compares w i t h a l i t e r a t u r e v a l u e 
- 1 23 
f o r t h e analogous HCON(CH 3) 2 complex o f 341cm 
I n t h e r e g i o n o f t h e i n f r a r e d s p e c t r u m i m m e d i a t e l y below thes© 
f r e q u e n c i e s (278-318cm " * " ) , t h e r e a r e a number o f v i b r a t i o n s w h i c h have no 
a n a l o g u e i n t h e r e p o r t e d s p e c t r a o f t h e HCON(CHg) 2 compound„ C e r t a i n l y , 
- 1 - 1 
t h e s h o u l d e r s a t 278cm and 290cm a r e a l s o r e p r e s e n t e d i n t h e i n f r a r e d 
s p e c t r u m o f DC0N(CD )„ (280cm 1 and 290cm 1 ) , b u t t h e o t h e r s must be 
23 
assumed t o r e s u l t f r o m p l a t i n u m - l i g a n d modes„ U n f o r t u n a t e l y , Meester e t ai„ 
f a i l e d t o i d e n t i f y any such v i b r a t i o n s i n t h e i r s t u d y o f trans-PtClg(C 2l^]).HCON(CH 3 
and hence t h e r e a r e p a r t i c u l a r d i f f i c u l t i e s i n t h e i r p o s i t i v e assignment,, 
However, i t i s p o s s i b l e t h a t t h e 318cm 1 i n f r a r e d band, f o u n d f o r t h e 
d e u t e r a t e d compound, b u t a p p a r e n t l y absent f r o m t h e s p e c t r u m o f t h e 
hydrogenous complex, c o r r e s p o n d s t o t h e y ( P t - O ) mode. I t w o uld t h e n be 
e x p e c t e d t o c o r r e l a t e on t h e b a s i s o f t h e d e u t e r a t i o n s h i f t c a l c u l a t e d 
f r o m t h e reduced masses o f trans-PtCl n(C_H.)-HC0N(CH„)_and t r a n s -
P t C l 0 ( C H)-DC0N(CD ) (0.96 4 ) w i t h a f r e q u e n c y a t a p p r o x i m a t e l y 330cm 
i n t h e HC0N(CH 3) 2 l i g a n d complex s p e c t r u m . The o n l y r e a s o n a b l e e x p l a n a t i o n 
f o r t h e n o n - i d e n t i f i c a t i o n o f such a v i b r a t i o n would t h u s be i f i t i n f a c t 
B 7 
- 1 
c o i n c i d e d w i t h t h e v e r y i n t e n s e band a t 341cm d e s i g n a t e d V ( P t - C l ) by 
as 
23 
Meester e t al„ i n w h i c h case t h e a c t u a l d e u t e r a t i o n s h i f t w o u l d be 0„933 o 
153. 
S u p p o r t f o r t h e i d e n t i f i c a t i o n o f t h e 318cm 1 i n f r a r e d band o f t h e 
DC0N(CD ) complex w i t h l^(Pt-O) may perhaps be g a i n e d f r o m the broad 
agreement between t h i s f r e q u e n c y and t h a t suggested f o r t h e complex 
- 1 37 
trans-PtCl 2(C 2H 4)„(4CH 3-Py-N0) by Shupack and O r c h i n (323cm ) . 
C o n v e r s e l y , t h e r e has been a c o u n t e r assignment o f trans-PtCl„(C 0H )„(4CH„-Py-N0) 
23 — 1 by Meester e t a l „ w h i c h has p l a c e d the f ( P t - O ) v i b r a t i o n a t 296cm ; w h i l s t 
i n t h e same s t u d y , t h e analogous mode f o r t r a n s - P t C l 2 ( C 2 H 4 ) . U r e a was 
c o n s i d e r e d t o o c c u r a t 299cm 
I n t h e r e g i o n o f t h e t r a n s - P t C l (C H )„DCON(CD ) o p t i c a l s p e c t r u m 
t o s t i l l l o w e r energy, t h e i n f r a r e d peak a t 180cm * appears t o become 
more i n t e n s e on c o o l i n g f r o m room t o l i q u i d n i t r o g e n temperature,, S i m i l a r 
3 6 
e f f e c t s have been r e p o r t e d p r e v i o u s l y f o r t o r s i o n a l modes , and hence 
t h i s v i b r a t i o n has been c o r r e l a t e d w i t h t h e INS f r e q u e n c y o f 175cm 1 
d e s i g n a t e d t h e e t h y l e n e C„ t o r s i o n ( T )„ A l s o f o l l o w i n g t h e e v i d e n c e 
& z 
o f t h e INS d a t a , t h e i n f r a r e d bands a t 218cm 1 and 129cm * i n t h e spectrum 
o f trans-PtCl 2(C 2H 4)„HCON(CH 3) 2 may be a s s i g n e d t o t h e Pt-Cg r o c k ( t ) 
and wag ( t ) r e s p e c t i v e l y . 
Two a d d i t i o n a l peaks i n t h e low f r e q u e n c y i n f r a r e d s p e c t r u m o f 
t r a n s - P t C l 2 ( C 2 H 4 ) o D C 0 N ( C D 3 ) 2 , remain u n c o n s i d e r e d , those a t 167cm 1 and 
193cm \ The f o r m e r appears t o be e q u i v a l e n t t o a v i b r a t i o n i n t h e 
i n f r a r e d s p ectrum o f t h e HC0N(CH 3) 2 l i g a n d compound a t 170cm \ w h i l s t 
t h e 193cm ^ f r e q u e n c y seems t o have no analogue,, F o l l o w i n g t h e a s s i g n -
26 *~ 1 — 1 mento f o r Z e i s e ' s s a l t , t h e 167cm and t h e 193cm peaks may be 
i d e n t i f i e d as 6 ( C l - P t - 0 ) + ( C l - P t - C H ) and 6 ( C 1 - P t - C l ) r e s p e c t i v e l y . 
C o n v e r s e l y , i t may be argued t h a t t h e h i g h e r f r e q u e n c y , because no analogous 
peak has been l o c a t e d i n t h e spectrum o f t h e hydrogenous l i g a n d c o m p l e x 
m i g h t r e p r e s e n t a bending mode o f t h e DC0N(CD 3) 2 l i g a n d r e l a t i v e t o p l a t i n u m 
w h i c h has been s h i f t e d on d e u t e r a t i o n . However, i f t h i s were t r u e , t h e n 
t h e minimum d e u t e r a t i o n s h i f t ( f r o m t h e 205cm 1 band o f t r a n s -
Pt-C1 0(C 0H.)oHCON(CH„) 0) would be 0.941, w h i c h would n o t be i n v e r y c l o s e 
154. 
/ 
agreement w i t h a p r e d i c t e d v a l u e o f 0.991 . 
I n t h e case o f t h i s complex, t h e ev i d e n c e f o r t h e mode ^ ( C l - P t - C l ) 
i s s c a n t ; however, i t i s p o s s i b l y r e p r e s e n t e d by t h e 98cm 1 f r e q u e n c y 
l o c a t e d i n t h e i n f r a r e d s p e c t r u m o f the HCONCCHg^ l i g a n d compound, and 
has proved t o o weak t o be observed f o r t r a n s - P t C l 0 ( C H.).DC0N(CD ) . 
T u r n i n g f i n a l l y t o f r e q u e n c i e s h i g h e r than t h e p l a t i n u m - c h l o r i n e 
s t r e t c h i n g r e g i o n , t h e o p t i c a l s p e c t r a o f t h e DCONCCD^)^ l i g a n d complex 
f o l l o w t h e assignments f r o m t h e INS d a t a , w i t h t h e e x c e p t i o n s o f two 
m o d e r a t e l y i n t e n s e i n f r a r e d bands a t 616cm 1 and 670cm \ the f o r m e r o f 
w h i c h i s a l s o observed i n t h e i n f r a r e d s p e c t r u m o f DCONCCDg^. 
d )trans-PtC'l~(C_"H. ).C„DCND_ Z Z 4 o 0 Z 
The INS s p e c t r a o f trans-PtCl-CC-H.).C-D^ND-are shown i n dias„4(xii) -
Z Z 4 o 0 Z 
( x i v ) and are summarised, t o g e t h e r w i t h i n f r a r e d and Raman da t a i n Table 4.7, 
By comparison w i t h t h e t r a n s complexes d e s c r i b e d e a r l i e r , t h e 
t o r s i o n ( T ) , symmetric s t r e t c h ( t ) and a n t i s y m m e t r i c s t r e t c h ( T ) o f z z y 
the e t h y l e n e m o l e c u l e r e l a t i v e t o t h e p l a t i n u m atom may be as s i g n e d t o 
bands l o c a t e d i n t h e BFD spectrum a t 166cm 1 , 382cm * and 483cm *. Once 
more t h e l a t t e r two v a l u e s a r e i n agreement w i t h t h e se d e t e r m i n e d o p t i c a l l y 
f o r t h e symmetric and a n t i s y m m e t r i c s t r e t c h e s o f e t h y l e n e i n t h e complex 
23 - l - l t r a n s - P t C l 2 ( C 2 H 4 ) . C g H 5 N H 2 (385cm and 474cm r e s p e c t i v e l y ) . 
The C t o r s i o n a l peak d i s p l a y s two s h o u l d e r s , one t o h i g h f r e q u e n c y 
and one t o l o n g w a v e l e n g t h , w h i c h a r e more d i s t i n c t l y r e s o l v e d i n the 
P( a , 0) s p e c t r a . The f o r m e r , s i t u a t e d a t 202.5cm 1 (204cm 1BFD), may 
be i d e n t i f i e d as the P t - C 9 r o c k i n g mode ( t ) , w h i l s t the l a t t e r , l o c a t e d 
z v 
a t 123,5cm (124cm BFD) may be c o r r e l a t e d w i t h t h e Pt-C wag ( t ) . 
2 x 
/ T h i s s h i f t has been c a l c u l a t e d making t h e a p p r o x i m a t i o n t h a t t h e bend 
c o u l d be compared w i t h t h a t o f a l i n e a r t r i a t o n i c m o l e c u l e o f t h e form, 
X-Y-Z:C2H4-PtCl2-HCON(CH3)2 . The a p p r o p r i a t e f o r m u l a o f H e r z b e r g 3 5 f o r 
a be n d i n g mode o f t h i s t y p e has th e n been employed assuming: 
( i ) t h a t t h e bond l e n g t h s a r e th o s e c o n t a i n e d i n Appendix 4, and 
( i i ) t h a t t h e bending c o n s t a n t remains unchanged on d e u t e r a t i o n . 
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The i n t e n s i t y r e l a t i o n ( t : t : T ) thus e v a l u a t e d f o r t h e s e assignments 
x y z 
„ o fro m t h e P( Of , /? ) spectrum ( a n g l e 45 ) , 1.09: 1.00; 2.26, compares w i t h 
c a l c u l a t e d v a l u e s o f 1.02: 1,00: 3.07. 
The o t h e r peaks s i t u a t e d i n t h e P( Qt , 0) s p e c t r a a t 33cm 1 , 60cm 1 
and 82„5cm a l l show d i s p e r s i o n . F u r t h e r m o r e , w h i l s t analogues o f these 
bands a r e seen i n s o l i d phase Raman s t u d i e s , these a r e absent from Raman 
s p e c t r a o b t a i n e d f o r t h e complex i n e t h a n o l i c s o l u t i o n . Hence the v i b r a t i o n s 
appear t o r e p r e s e n t l a t t i c e modes. 
R e t u r n i n g t o t h e m i d d l e - f r e q u e n c y r e g i o n o f t h e BFD spectrum, l> g ( P t - C l ) 
may be o b s e r v e d . a t 340cm 1/354cm *, i n c l o s e p r o x i m i t y t o t h e f r e q u e n c y 
23 - ] _ 
r e p o r t e d f o r t h i s mode i n t h e e q u i v a l e n t C-Hj-NH,, l i g a n d complex. (337cm ) 
fa o J. 
B e a r i n g i n mind t h e arguments p r e v i o u s l y advanced f o r t h e presence o f t h i s 
v i b r a t i o n i n t h e INS spectrum, i t w i l l be n o t e d t h a t t h e l i g a n d o p p o s i t e 
t h e e t h y l e n e group i s now s u f f i c i e n t l y massive t h a t t h e i n t e n s i t y o f 
V ( P t - C l ) i s comparable w i t h t h a t o f y ( P t - C _ ) . s s 2 
The r e m a i n i n g unassigned peak i n t h i s f r e q u e n c y range, t h a t p l a c e d a t 
271cm \ has no obvious c o u n t e r p a r t i n any o f the complexes d e s c r i b e d 
h i t h e r t o , n or i s a t r a n s i t i o n r e p o r t e d w i t h i n 35cm ^ o f t h i s v a l u e i n e i t h e r 
26 29 23 Raman o r i n f r a r e d o f Z e i s e ' s s a l t ' o r t h e complex t r a n o - P t C l r i ( C r , H . )„C.H rNH„ z 2 4 6 5 2 
and i t s d e - j t e r a t e d l i g a n d a nalogue. Consequently d i s c u s s i o n o f t h i s 
v i b r a t i o n i s b e s t d e f e r r e d u n t i l a l l t h e a v a i l a b l e INS, i n f r a r e d and Raman 
d a t a hve been c o n s i d e r e d . 
Of t h e BFD bands as y e t u n a s s i g n e d , o n l y those a t h i g h e s t energy 
(707cm 1 and 821cm 1 ) r e m a i n . By comparison w i t h t h e INS s p e c t r a o f t h e 
22 
p r e c e d i n g t r a n s - P t C l 0 ( C ^ H ).L complexes and a l s o o f Z e i s e ' s s a l t and dimer , 
these may be i d e n t i f i e d w i t h t h e two a n t i c i p a t e d CH r o c k i n g modes. 
T u r n i n g now t o t h e i n f r a r e d and Raman s p e c t r a o f trans-PtCl 0(C 0H.)„C CD ND 
the a d d i t i o n a l assignment o f t h e P t - C l a n t i s y m m e t r i c s t r e t c h may be made t o 
t h e f r e q u e n c y o f 339cm w h i c h i s n o t f a r removed f r o m t h a t p u b l i s h e d f o r 
160. 
t r a n s - P t C l ( C H ).C H NH 2(338cm" 1). 
To l o w e r e n e r g i e s , i d e n t i f i c a t i o n o f bands becomes i n c r e a s i n g l y d i f f i c u l t 
and hence t e n t a t i v e . However, i t i s perhaps p o s s i b l e t o a s s o c i a t e t h e 
e t h y l e n e C„ t o r s i o n a l mode ( T ) l o c a t e d from INS s p e c t r a a t 166cm 1 w i t h 
£ Z 
the 164cm 1 f r e q u e n c y w h i c h i s o n l y observed i n t h e i n f r a r e d o f t h e C„D rND„ 
6 5 2 
l i g a n d complex on c o o l i n g t o l i q u i d n i t r o g e n t e m p e r a t u r e . A l s o , by 
a n a l o g y w i t h t h e INS s p e c t r a , t h e bands l o c a t e d a t 123cm * and 206cm 1 i n t h e 
i n f r a r e d s p ectrum o f trans-PtClg(CgH^).CgH,-NH 2 may be c o r r e l a t e d w i t h t h e 
Pt-CL w a g ( t ) and Pt-C„ r o c k ( t ) r e s p e c t i v e l y . 2 x 2 y 
T h i s l e a v e s unaccounted f o r t h e i n f r a r e d peaks a t 140cm 1 and 170cm * 
i n t h e spectrum o f t h e complex trans-PtCl„(CLH.).C~D cND n. I n view o f t h e 
2 2 4 fa £> 2 
absence o f a d e u t e r a t i o n s h i f t a s s o c i a t e d w i t h t h e l a t t e r f r e q u e n c y , i t 
must be assumed t o r e p r e s e n t a c h l o r i n e bending mode, most p r o b a b l y 
6(C1-Pt-Cl) a f t e r t h e band l o c a t e d i n Z e i s e ' s s a l t a t 183cm „ The 
140cm 1 v i b r a t i o n , however, p r e s e n t s more d i f f i c u l t y i n assignment i n t h a t 
i t appears t o have no analogue i n t h e i n f r a r e d s p ectrum o f t h e hydrogenous 
l i g a n d complex. F u r t h e r m o r e , t h e minimum d e u t e r a t i o n s h i f t i t m i g h t have 
undergone ( f r o m the 159cm 1 i n f r a r e d band o f t r a n s - p t C l r i ( C r . H . ).C^H.NH^)would 
2 2 4 b o 2 
be 0.881, w h i l s t t h e maximum s h i f t e x pected o f any Pt-C-Hj-NH,, bending o r 
b D 2 
s t r e t c h i n g mode i s 0.973. T h i s t h e r e f o r e appears an u n l i k e l y c o r r e l a t i o n , 
and c o n s e q u e n t l y the peak must r e p r e s e n t a bending mode p r e d o m i n a n t l y 
i n v o l v i n g c h l o r i n e atoms, and may perhaps be d e s i g n a t e d e i t h e r 6(C1-Pt-N)+ 
— 1 2 fi 
6(C1-Pt-C 2H^) a f t e r Z e i s e ' s s a l t (161cm ) o r TT(Pt-Cl) a f t e r 
- 1 33 
t r a n s - P t ( N H 3 ) 2 C l 2 (136cm ) . ( T a b l e 4 . 3 ) . 
Of t h e h i g h e r energy v i b r a t i o n s , b o t h o f those i n t h e i n f r a r e d spectrum 
o f trans-PtCl„(Cr.H.) .C~HCNH0 which have been a s s o c i a t e d w i t h ^ ( P t - L ) , a t 2 2 4 b o 2 
- 1 -1 23 a t 346cm and a t 433cm , a r e absent f r o m the i n f r a r e d s p ectrum o f t h e 
d e u t e r a t e d l i g a n d complex. The l a t t e r band appears t o have moved t o a 
f r e q u e n c y o f 407cm 1 i n t h e i n f r a r e d spectrum o f t r a n s - P t C l (C QH ).CfiD ND , 
161. 
w h i c h r e p r e s e n t s an i s o t o p i c s h i f t o f 0.940, compared w i t h t h a t c a l c u l a t e d 
by comparison o f t h e reduced masses o f t r a n s - P t C l (C H )-C H NH and 
t r a n s - P t C l 2 ( C 2 H 4 ) - C g D 5 N D 2 ( 0 . 9 7 3 ) . The 346cm 1 peak i s n o t a p p a r e n t l y 
p r e s e n t a t a l l i n t h e i n f r a r e d s p e c t r u m o f the CgDgNDg l i g a n d complex u n l e s s 
i t has moved beneath the i n t e n s e band a t 330-9cm \ I f t h i s were t h e case, 
an a p p r o x i m a t e d e u t e r a t i o n s h i f t o f between 0.954 and 0.980 would be i n d i c a t e d , 
A l t h o u g h t h e l a t t e r s h i f t i s n e a r e r t h e magnitude p r e d i c t e d , t h e 433-407cm ^ 
f r e q u e n c i e s would seem t o be the b e t t e r c o r r e l a t i o n on i n t e n s i t y grounds. 
A t s t i l l h i g h e r energy i n t h e sp e c t r u m o f t r a n s - P t C l 0 ( C _ H ).C„D ND , 
t h e i n f r a r e d band a t 562cm 1 may be a s s i g n e d t o an in-phase r i n g d e f o r m a t i o n 
3g - — — — 
f o l l o w i n g work r e p o r t e d f o r a n i l i n e ^ vapour ; w h i l s t t h e i n f r a r e d 
v i b r a t i o n s a t 720-47cm 1 and 820-40cm 1 may be i d e n t i f i e d , by comparison 
w i t h t h e INS d a t a d e t a i l e d p r e v i o u s l y , as t h e two CH 2 r o c k i n g modes o f 
ethylene„ 
R e t u r n i n g f i n a l l y t o t h e BFD f r e q u e n c y o f 271cm \ i t would appear f r o m 
t h e assignments p r e v i o u s l y d e t a i l e d t h a t a l l t h e low f r e q u e n c y modes ex p e c t e d 
t o i n v o l v e e t h y l e n e d i r e c t l y o r i n d i r e c t l y have been l o c a t e d . I t t h e r e f o r e 
seems t h a t t h e peak must r e p r e s e n t one o f t h e f o l l o w i n g : 
( i ) an i n t e r n a l a n i l i n e mode 
( i i ) a t o r s i o n a l / t r a n s l a t i o n a l mode o f a n i l i n e r e l a t i v e t o p l a t i n u m 
( i i i ) an o v e r t o n e / c o m b i n a t i o n band. 
I n o r d e r t o d i f f e r e n t i a t e between t h e o p t i o n s l i s t e d above, i t i s 
necessary t o c o n s i d e r t h e i n t e n s i t y o f t h e 271cm * band. Measurements 
i n d i c a t e t h a t t h e i n t e n s i t y o f t h i s peak r e l a t i v e t o t h a t o f t h e e t h y l e n e 
C 2 t o r s i o n ( i s between 1:5.85 and 1:5.75 (d e p e n d i n g upon whether t h e 
backbround i s t a k e n as l i n e o r - » - • ) . I t must be s t r e s s e d , however, 
t h a t t h i s i s , o f n e c e s s i t y , o n l y a rough g u i d e , because t h e p o s i t i o n o f t h e 
background i s s u b j e c t t o such wide e r r o r . 
As an a d d i t i o n a l a i d t o i n t e n s i t y a n a l y s i s , t h e p u r i t y o f t h e C_D ND i n 
6 5 2 
dSo.4(xv) Definitions of the torsional mod Am I in ©s in 






1 t h e complex was checked by H NMR. T h i s showed t h a t , as a r e s u l t o f 
m a n i p u l a t i o n d u r i n g t h e p r e p a r a t i o n o f t h e trans-PtCl„(C 0H.).C„D_ND„ , t h e 
2 2 4 b 0 2 
d e u t e r i u m p r e s e n t i n t h e CLD_ND had been reduced t o 96„4% f r o m t h e 98% 
b o 2 
o r i g i n a l l y s p e c i f i e d , and t h a t t h e p r o t o n s w h i c h had exchanged had done so 
a t t h e n i t r o g e n atom. The c o m p o s i t i o n o f t h e "C-D.ND,, " may t h e r e f o r e be 
b 0 2 
s t a t e d t o be 87.5% CgD 5 ND g : 12.5% CgD^Hg . 
Even t a k i n g i n t o account t h e above f i n d i n g s , i t would appear u n l i k e l y 
- 1 
t h a t an i n t e r n a l r i n g mode (s u c h as t h a t r e p o r t e d a t 209cm f o r a n i l i n e 
38, 
vapour ) , i n v o l v i n g m a i n l y d e u t e r o n s d e s c r i b i n g r e l a t i v e l y s m a l l a m p l i t u d e s 
o f v i b r a t i o n , c o u l d account f o r t h e i n t e n s i t y o f t h e 271cm * f r e q u e n c y . 
C a l c u l a t i o n s were t h e r e f o r e made t o d e t e r m i n e t h e p r e d i c t e d i n t e n s i t i e s o f 
t h e t h r e e h i n d e r e d r o t a t i o n s and t h r e e h i n d e r e d t r a n s l a t i o n s o f the C D ND 
group r e l a t i v e t o p l a t i n u m (dia„4(xv)) . ( I t was c o n s i d e r e d t h a t t o r s i o n a l / 
t r a n s l a t i o n a l modes o f t h e whole o f t h e CgD,.ND2 m o l e c u l e were more l i k e l y 
c a n d i d a t e s f o r c o n s i d e r a t i o n t h a n those i n v o l v i n g o n l y t h e C„D,_ s e c t i o n , 
6 5 
because o f t h e presence i n t h e f o r m e r case o f two p r o t o n s s i t u a t e d on t h e 
n i t r o g e n atom o f i / 8 t h o f t h e a n i l i n e m o l e c u l e s . ) T a b l e 4.8 I n t e n s i t y Dat  f o r C^DCND0 , C D NH„ and C„H 
I n t e n s i t y 
Mode 100% CgD 5ND 2 100% CgD 5NH 2 87.5%C gD 5ND 2 
+12.5% C D NH„ 6 5 2 
C 2 H 4 
T 
X 
0.023 0.231 0.049 6.742 
T 
y 
0.019 0.299 0.054 2.648 
T 
Z 
0.032 0.132 0.044 3.038 
t 0.012 0.152 0.030 1.000 
where T i s a t o r s i o n about t h e a x i s i n d i c a t e d ( d i a s . 4 ( i ) and 4 ( X V ) ) 
and t i s a t r a n s l a t i o n about any a x i s 
164, 
W h i l s t t h e i n t e n s i t y o f v i b r a t i o n s i n v o l v i n g e t h y l e n e and C D ND 
are n o t s t r i c t l y comparable (because t h e i r r e s p e c t i v e Dabye-Waller f a c t o r s 
may be e x p e c t e d t o be somewhat d i f f e r e n t ( C h a p t e r I I I ) , i t may be seen f r o m 
Table 4.8 t h a t , even w i t h t h e amount o f hydrogen p r e s e n t i n t h e "C D ND " 
o o z 
group w h i c h has been i n d i c a t e d , i t i s un r e a s o n a b l e t h a t any o f t h e modes 
T T T o r t o f C„D^ND„ (dia„4(x)) w i l l be observed i n t h e INS sp e c t r u m . x p y, z 6 5 2 
Ind e e d , t h e most i n t e n s e p r e d i c t e d mode, , i s o n l y about 5.4% o f t h e 
i n t e n s i t y o f t h e l e a s t i n t e n s e e t h y l e n e mode, t h e t r a n s l a t i o n . T h i s 
e v i d e n c e t h e r e f o r e appears t o s u p p o r t t h e i n t u i t i v e b e l i e f t h a t t h e t o r s i o n a l 
modes o f CgDj-ND^ would be l o c a t e d a t much l o w e r frequency,, 
A f u r t h e r p o s s i b i l i t y may be c o n s i d e r e d o f a mode t h e e q u i v a l e n t o f an 
NDg t r a n s l a t i o n , i n w h i c h NDg al o n e bends between t h e r e l a t i v e l y massive 
C_D,. and P t C l 0 ( C 0 H . ) g r o u p s . T h i s may be compared s i m p l i s t i c a l l y w i t h a b o Z Z 4 
l i n e a r t r i a t o m i c m o l e c u l e X-Y-Z o f t h e form: C 6 D 5 ~ N D 2 ~ P t C 1 2 ^ C 2 H 4 ^ ° 
The i n t e n s i t y o f such a mass mode i n v o l v i n g , t o a f i r s t a p p r o x i m a t i o n , o n l y 
ND g m o t i o n has been c a l c u l a t e d a l l o w i n g f o r t h e 12.5% NHg a c t u a l l y t h o u g h t 
t o be p r e s e n t . However, t h e p r e d i c t i o n i s t h a t a v i b r a t i o n o f t h i s t y p e 
w i l l o n l y g i v e r i s e t o a band l / 8 t h o f t h e i n t e n s i t y o f t h a t a n t i c i p a t e d 
f o r an e t h y l e n e t r a n s l a t i o n a l mode, o r t o r e s t a t e i f s l i g h t l y d i f f e r e n t l y , 
~ l / 2 4 t h o f t h e i n t e n s i t y e x p e c t e d f o r t h e e t h y l e n e C t o r s i o n (T ) . T h i s i s 
2 z 
c l e a r l y n o t i n a c c o r d w i t h t h e e x p e r i m e n t a l l y d e r i v e d d a t a , and t h e s u g g e s t i o n 
o f an ND^ bend must t h u s be deemed u n t e n a b l e . 
F i n a l l y , t h e p o s s i b i l i t y remains o f an o v e r t o n e / c o m b i n a t i o n band. 
From t h e f o r m o f t h e i n t e n s i t y r e l a t i o n f o r I n e l a s t i c N e u t r o n S c a t t e r i n g 
( C h a p t e r I I ) , i t w i l l be seen t h a t a band o f t h i s t y p e w i l l o n l y be observed 
i f i t d e r i v e s f r o m an e x t r e m e l y i n t e n s e f u n d a m e n t a l . T h i s c l e a r l y r u l e s 
o u t t h e p o s s i b i l i t y o f an o v e r t o n e o f t h e v i b r a t i o n l o c a t i o n i n t h e BFD 
- 1 - 1 sp e c t r u m a t 124j8cm . However, a c o m b i n a t i o n band between t h e 124+8cm 
and 166+8cm ^ f r e q u e n c i e s deserves more a t t e n t i o n . T h e o r e t i c a l l y , an 
165. 
i n t e n s i t y r a t i o o f t h e 271cm 1 peak r e l a t i v e t o t h a t o f t h e ethylen® C 
t o r s i o n (T ) o f between 1;8„49 and 1:4.92 would be e x p e c t e d d e p e n d i n g 
upon w h e t h e r t h e background d e n o t e d o r t h a t l a b e l l e d -° - ° - ° -
( d i a . 4 ( x i i ) ) i s assumed. T h i s compares w i t h t h e a c t u a l e x p e r i m e n t a l l y 
d e r i v e d r a t i o s o f between 1:5.85 and 1:5.75 f o r backgrounds and 
0 — o — o r e s p e c t i v e l y . I t must t h e r e f o r e be c o n c l u d e d t h a t th© 
- 1 
a s s i g n m e n t o f t h e 271cm f r e q u e n c y t o a c o m b i n a t i o n band i s r e a s o n a b l e 
on i n t e n s i t y g r o u n d s . However, a d d i t i o n a l s u p p o r t f o r t h i s i d e n t i f i c a t i o n 
may perhaps be o b t a i n e d i f t h e INS s p e c t r u m o f t h e complex t r a n s - P t C l 0 ( C r i H . ) oC_D_NH 
2 2 4 6 5 
i s measured. The appearance o f t h e 271cm 1 f r e q u e n c y , w i t h t h e same r e l a t i v e 
i n t e n s i t y compared w i t h t h e e t h y l e n e C t o r s i o n (T ) as has been f o u n d f o r 
t r a n s - P t C l ? ( C 2 H 4 ) . C g D 5 N D 2 „ would c o n f i r m t h e i n d i c a t i o n s f r o m t h e i n t e n s i t y 
d i s c u s s i o n s above t h a t a c o u n t e r assignment t o an ND /NH_ s t r e t c h o r bend, 
o r t o an i n t e r n a l a n i l i n e mode, would be i n v a l i d . 
2. The c i s - E t h y l e n e C o m p l e x : P t C l g C C ^ ) . ( C D ^ S O 
The INS s p e c t r a o f c i s - P t C l g ( C 2 H 4 ) . ( C D g ) 2 SO a r e shown i n d i a s . 4 ( x v i ) -
( x v i i i ) and a r e summarised t o g e t h e r w i t h i n f r a r e d and Raman d a t a , i n T a b l e 
4,9. 
The INS s p e c t r a may be seen t o be s i m i l a r t o t h o s e o b t a i n e d f o r t h e t r a n s 
complexes. Thus, f o l l o w i n g p r e v i o u s a s s i g n m e n t s , t h e C t o r s i o n , s y m m e t r i c 
s t r e t c h and a n t i s y m m e t r i c s t r e t c h o f e t h y l e n e may be c o r r e l a t e d w i t h t h e 
— 51 — 1 "* 1 bands a t 171/172cm , 384cm and 472cm r e s p e c t i v e l y . S i m i l a r l y , , t h e 
two h i g h e s t e n e r g y BFD v i b r a t i o n s , a t 719cm 1 and 806cm \ may be i d e n t i f i e d 
22 29 
as t h e two CH 2 r o c k i n g modes e x p e c t e d i n t h i s area o f t h e s p e c t r u m . ' 
The e t h y l e n e C^ t o r s i o n a l peak c l e a r l y d i s p l a y s s h o u l d e r s t o b o t h h i g h 
and l ow f r e q u e n c y i n BFD and P(® ,0) s p e c t r a . The f o r m e r s h o u l d e r , found 
a t 208cm i n s p e c t r a and a t 201cm i n t h e BFD s p e c t r u m , may be 
22 26 29 
a s s i g n e d t o t h e P t - C Q r o c k i n g mode ( t ) ' ' ; w h i l s t t h e l a t t e r , l o c a t e d 
* y 
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The i n t e n s i t y r a t i o t : t :T thus e v a l u a t e d from the P(a,B) spectrum 
x y z 
( a n g l e 58°) employing these assignments, 1.05: 1,00: 2.50, accords f a i r l y 
w e l l w i t h c a l c u l a t e d v a l u e s of 1.02: 1.00: 3.02, 
-1 
Of the remaining unassigned bands i n the INS spectrum, t h a t a t 349cm 
seems, by analogy w i t h the t r a n s complexes, capable of assignment to the 
V (DMSO-Pt-Cl) square p l a n a r mode, the presence of which i n the INS data may 
a g a i n be r a t i o n a l i s e d as r e s u l t i n g from sympathetic motion of the e t h y l e n e 
group. 
T h i s l e a v e s the t h r e e as y e t u n d i s c u s s e d v i b r a t i o n s i n the ¥(af$ ) 
spectrum below 100cm \ a l l of which appear to d i s p l a y d i s p e r s i o n . I n 
o r d e r to a i d i d e n t i f i c a t i o n of these modes, s o l u t i o n Raman data were 
obtained i n t h i s r e g i o n and compared w i t h the s o l i d phase s t u d i e s . Bands 
analogous to the 42cm * and 62cm 1 INS peaks were l o c a t e d i n s o l i d phase 
s t u d i e s but not i n the s o l u t i o n work, and hence these would appear to be 
l a t t i c e v i b r a t i o n s . The evidence f o r the h i g h e s t energy mode, 96cm \ i s 
u n f o r t u n a t e l y l e s s p o s i t i v e , i n t h a t i t was not l o c a t e d a t a l l by the o p t i c a l 
t e c h n i q u e s . However, of the t h r e e b a n d s . i t perhaps d i s p l a y s the g r e a t e s t 
d i s p e r s i o n , and consequently has been grouped amongst the l a t t i c e modes. 
I n the i n f r a r e d and Raman, the s p e c t r a of cis-PtCl„(C H,).(CD ) SO have 
* 2 4 3 2 
been compared with those r e p o r t e d for (CD ) SO 3 9, c i s - P t C l ((CH ) S O ) 4 0 and 
J c. ' 3 2 ' 
40 41 
c i s - P t C l ( C ^ ) . ( C H 3 ) 2 S 0 ' ( T a b l e 4.10). By r e f e r e n c e to the assignments 
made f o r the l a t t e r compounds, s e v e r a l bands i n the spectrum of the (CD^^SO 
l i g a n d complex have been i d e n t i f i e d . For example, v i b r a t i o n s a t 318cm"''' and 
338cm 1 i n the i n f r a r e d spectrum of c i s - P t C l 2 ( C , ^ ) . (CD^^SO presumably 
correspond to those found about 309-llcm \ and between 333 and 338cm" 1 i n the 
complexes c i s - P t C l 2 ( ( C H ^ S O ^ 4 0 and c i s - P t C l 2 ( C ^ ) . ( C H 3 ) 2 S 0 4 0 ' 4 1 , and which 
have been designated P t - C l s t r e t c h e s . 
The peak a t 408cm 1 i n the i n f r a r e d spectrum of the (CD ) SO l i g a n d 
complex may perhaps be t e n t a t i v e l y a s s i g n e d to the Pt-S s t r e t c h which has 
been lowered f o l l o w i n g the s u b s t i t u t i o n of deuterons f o r protons. The 
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172, 
expected s h i f t , u s i n g the reduced masses of c i s - P t C l g ( C g H ^ ) - ( C H 3 ) g S 0 a n d 
40 41 
c i s - P t C l (C H )-(CD ) SO i s 0.971. Kukushkin e t a l . ' r e p o r t two 
fr e q u e n c i e s designated V(PtS) f o r c i s - P t C l 2 ( ( C H 3 > 2 S 0 ) ^ s but only one f o r 
c i s - P t C l (C 0H.).(CH o)„S0. The d e u t e r a t i o n s h i f t r e s u l t i n g from use of the 
lower frequency of the former complex i s 0.953. Unfortunately, t h i s 
corresponds to the v i b r a t i o n which was not found f o r c i s - P t C l (C H ).(CH„) SO, 
and hence a d e u t e r a t i o n s h i f t of 0.921 would seem to be i n d i c a t e d , which i s 
i n poor agreement w i t h experiment. 
Those bands at 628cm 1 and 635cm * i n the i n f r a r e d spectrum of 
c i s - P t C l 2 ( C r ) H ^ ) . ( C D 3 a l m o s ' t c e r t a i n l y r e p r e s e n t the symmetric and 
antisymmetric s t r e t c h e s r e s p e c t i v e l y of C-S, these f r e q u e n c i e s being 
reasonably a d j a c e n t to those i d e n t i f i e d f o r (CD^^SO vapour ( 6 1 1 and 619cm )„ 
Of the remaining i n f r a r e d v i b r a t i o n s to high energy, those a t 773 and 
-1 39 785 cm may probably be c o r r e l a t e d with CD rocking modes , w h i l s t those 
O 
s i t u a t e d a t 713 and 809-28cm * seem, from comparison with the INS data, to 
correspond to CH 2 rocking v i b r a t i o n s of e t h y l e n e . 
The assignment of the lower frequency o p t i c a l s p e c t r a i s again d i f f i c u l t , 
e s p e c i a l l y so i n the absence of data f o r the (CH ) SO l i g a n d complex. 
However, on frequency grounds i t would appear that the Pt-C„wag ( t ) may 
be c o r r e l a t e d w i t h the 130cm ^ i n f r a r e d band, and the Pt-C„ rock ( t ) w i t h 
> 2 v y 
the 207cm peak. 
The i n t e n s i t y of the 152 and 179cm 1 bands i n the i n f r a r e d shows 
s e n s i t i v i t y to temperature, and hence should perhaps be taken to r e p r e s e n t 
t o r s i o n a l modes, of which the l a t t e r i s probably the t v i b r a t i o n of e t h y l e n e . 
Z 
The 107cm 1 i n f r a r e d peak may probably be a s s o c i a t e d w i t h a deformation 
mode of the square plane i n v o l v i n g predominantly c h l o r i n e atoms and may 
t h e r e f o r e be r e l a t e d to the out-of-plane-bending mode 77(C1-Pt-Cl), l o c a t e d 
-1 , 26 at 92cm i n Z e i s e s s a l t (Table 4 . 3 ) . Of the unassigned v i b r a t i o n s , at 141cm \ 168cm 1 and 200cm 1 , c e r t a i n l y the two former t r a n s i t i o n s , by 
173. 
analogy w i t h the t r a n s complexes d i s c u s s e d p r e v i o u s l y , must r e p r e s e n t the 
two bending modes 6 ( C l - P t - m ) + 6 ( 0 -Pt-C H ) and 6 ( C l - P t - 0 ) (although 
which i s which may not be e s t a b l i s h e d ^ w h i l s t the 200cm * frequency i s a l s o 
probably a bending mode i n v o l v i n g c h l o r i n e atoms and/or the (CD ) SO 
molecule„ 
F i n a l l y , the remaining bending v i b r a t i o n s i n v o l v i n g (CD )_S0, and a l s o 
the symmetric and antisymmetric s t r e t c h e s of t h i s group r e l a t i v e to platinum, 
p o s s i b l y correspond to the f r e q u e n c i e s of 217cm 1 , 258cm 1 and 280cm 1, 
the absence of data f o r the hydrogenous l i g a n d compound, p e r f o r c e making 
d e f i n i t e assignments v i r t u a l l y impossible„ 
C o n c l u s i o n 
Table 4„11 summarises the INS assignments f o r the trans-and c i s -
P t C l 2 ( C 2 H 4 ) 0 L complexes. 
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From c o n s i d e r a t i o n of the symmetry of the e t h y l e n e molecule, the 
b a r r i e r must be encountered t w i c e upon r o t a t i o n through 27T , hence 
(Chapter I I ) the p o t e n t i a l f u n c t i o n may be w r i t t e n i n terms of a F o u r i e r 
c o s i n e s e r i e s ; 
V co y 
V(9) = - y + £ -f cos n e 
n=l 
I f the l i g a n d i s c o n s i d e r e d as a p o i n t mass, then the molecule as a 
whole has a axis running through the C=C bond, the platinum atom and 
the l i g a n d , so t h a t V(q) = V(lT-Q) . i n consequence, odd terms i n n w i l l 
c a n c e l w i t h each other, and so the c o s i n e s e r i e s may be r e w r i t t e n : 
V co v 
V(6) = + £ - ^ n c o s 2n0 
n=l 
176. 
A good approximation to the b a r r i e r equation has o f t e n been afforded 
42 
by u s i n g only the f i r s t term i n the cos i n e e x p r e s s i o n , i„e: 
V 
V ( 6 ) = -j- ( 1 - cos 2 6) 
o 
The above e x p r e s s i o n has a minimum at p=0 and a maximum, V*, a t 8 = 9 0 
dV(6) _ V o . ... 
= -7T (2 s i n 20) = 0 dg 2 
2 V 
d V ( g } = (4 cos 26) = 2V cos 26 
d8 2 2 ° -
By d e f i n i t i o n the f o r c e constant i s the second d e r i v a t i v e of the 
2 
2 
p o t e n t i a l energy, i„e<, — = k, where k i s the f o r c e c onstant, 
d9 
and from the harmonic o s c i l l a t o r approximation 
1 / k 1 
to - ^ v ~ ' where I i s the reduced mass R 
and so: x /Zv 277 V I R 7T V 2 I R 
However, the above p o t e n t i a l f u n c t i o n has no metastable w e l l such as 
7 
tha t proposed i n the model f o r PtCl 2(CgH^)„NH 3 . I n order to a l l o w f o r 
t h i s f a c t o r , and to make compatible data from NMR and INS measurements, 
18 
Ghosh e t a l . proposed a two parameter model i n c o r p o r a t i n g the second term 
i n the cos i n e s e r i e s expansion: 
V V 
V(6) = (1 - cos 26) + - y (1 - cos 49) 
= ^ (2 s i n 26) + ^ ( 4 s i n 4 e ) = 0 d 0 2 2 
V V o v4 
- 2 (2 s i n 26) + -y- (8 s i n 2fi cos 20) = 0 
1 7 7 . 
,V V 
= i-~ + ~7T • 4 cos 2 9 ) 2 s i n 2 0 = 0 
2 
T h i s e x p r e s s i o n f o r the p o t e n t i a l f u n c t i o n has a minimum at 9 = 0 ° and, 
pr o v i d i n g i s p o s i t i v e and g r e a t e r than V Q/4, i t a l s o has a metastable 
o * * minimum a t 8 = 90 w i t h a w e l l depth of V : the maximum. V , i s placed a t m 
0 = 0 . 5 c o s " 1 ( - V /4V \ o 4 
I n order to r e l a t e the above model to experimental 
measurements, the two parameter model must be r e w r i t t e n i n terras of one 
con s t a n t by making-the assumption t h a t V Q = V ^ : 
V 
V ( e ) = - y E d " C O S 2 9 ) + ( 1 " cos 4 9 ) ] 
T h i s f o r mulation g i v e s r i s e to a ground s t a t e minimum at 8 = 0°, and a 
metastable minimum a t 0 = 90° of p o t e n t i a l energy V . The maximum i s 
o -1 o * now defi n e d a t 8 = 0.5 cos ( - 1 / 4 ) = 5 2 . 2 5 , w i t h a p o t e n t i a l energy, V , of 
2 5 V q / 1 6 5 and t h i s compares reasonably with the t h e o r e t i c a l computation of Wheelock 
e t a l . 7 w h i c h p l a c e d 9 at 67.5° + 11.25°. 
max 
Taking the second d e r i v a t i v e of the p o t e n t i a l energy produces: 
2 V 
D V ^ 8 ) = ~ [ ( 4 cos 2 9 ) + (16 cos 4 9 ) ] = k 
dQ 1 
and hence again applying the harmonic o s c i l l a t o r approximation: 
W 2tt V l _ rr V L 
R R 
As a l l the trans-PtCl2(C 2H 4)„L complexes are of the form f o r which 
7 
Wheelock e t a l . d e r i v e d t h e i r model, i t seems appropriate to use the p o t e n t i a l 
18 
form d e r i v e d by Ghosh e t a l . f o r c a l c u l a t i o n of b a r r i e r h e i g h t s . 
Table 4.12 shows the v a l u e s c a l c u l a t e d f o r the b a r r i e r s of each t r a n s 
complex u s i n g the High B a r r i e r Approximation. The v a l i d i t y of a p p l i c a t i o n 
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of t h i s approximation may be seen w i t h r e f e r e n c e to the v a l u e s obtained 
43 
f o r t r a n s - P t C l 0 ( C H )„ND u s i n g s u c c e s s i v e terms of the Das Approximation : 
( a ) F i r s t Das approximation; 98„237 k J mol * 
( E q u i v a l e n t to High B a r r i e r Approximation 
Chapter I I ) 
(b) Second Das approximation: 99„260 k J mol ^ 
( c ) T h i r d Das approximation: 99,265 k J raol * 
The f r e e energy of a c t i v a t i o n to r o t a t i o n i s known from NMR s t u d i e s 
of s e v e r a l n e u t r a l platinum complexes i n c l u d i n g P t C a c a c ^ K C g H j ) ^ and 
Pt(acac)Br(C 2H 4) 1 6„ Ghosh e t a L 1 8 s u g g e s t e d t h a t , as s u b s t i t u t i o n of 
simple l i g a n d s c i s - and t r a n s - to the ethylene group l e a d s to no n o t i c e a b l e 
change i n b a r r i e r h e i g h t , i t was reasonable to o b t a i n an average v a l u e f o r 
the NMR b a r r i e r (52,2+1,3 k J mol 1 ) from compounds such as the above and 
apply i t to the complexes they were studying, S i m i l a r l y , they took an 
average value f o r the e n t r o p i e s of a c t i v a t i o n from the only complexes f o r 
which these were known P t ( a c a c ) B r ( t r a n s but-2-ene), P t ( a c a c ) C l ( t r a n s but-2-ene 
16 ~1 — 1 and P t ( a c a c ) C K t e t r a m e t h y l e t h y l e n e ) (-55,2+12,5 J mol K ) , Using 
-1 
these two averages, an a c t i v a t i o n energy was c a l c u l a t e d of 38,9+3,3 k J mol 
which, on a d d i t i o n of the zero p o i n t energy (0,8 k J mol * ) , y i e l d e d a value 
# *- x f o r V of 39,7+3,3 k J mol , 
* * 18 Table 4,13 shows the values of V , V and V obtained by Ghosh e t a l . o' m J 
f o r the complexes i n v e s t i g a t e d i n t h e i r work, together w i t h the r e f e r e n c e 
value c a l c u l a t e d from the NMR d a t a . I t w i l l be seen t h a t the V v a l u e s 
o 
f o r the t r a n s - P t C l ^ C g H j ) , , ! . complexes compare w e l l w i t h those reported by 
Ghosh e t al„, p a r t i c u l a r l y good agreement being found w i t h the value f o r 
[ P t C l 0 ( C H ) ] . G e n e r a l l y , there seems to be an i n d i c a t i o n that the C„ 
t o r s i o n a l mode ( T ) occurs at higher e n e r g i e s i n K [ p t C l - ( C H ) ] „ H o 0 and 
C s [ p t C l 3 ( C 2 H 4 ) ] than i n the simple complexes, (A s i m i l a r trend i s apparent 
i n the case of the r e s p e c t i v e V q v a l u e s , ) P o s s i b l y , t h i s might be 
e x p l a i n e d as the r e s u l t of c r y s t a l f i e l d i n t e r a c t i o n s having a g r e a t e r 
180, 
e f f e c t upon the t o r s i o n a l f r e q u e n c i e s of the s a l t s . 
The v a l u e s of V and may a l s o be compared w i t h those r e p o r t e d i n 
7 * the t h e o r e t i c a l work on P t C l 2 ( C 2 H 4 ) 0 N H 3 . I n the p r e s e n t data, V l i e s 
-1 * -1 i n the range 29„4-32„5kJ mol and V between 10.6 and 11.7 k J mol „ m 
as opposed to the t h e o r e t i c a l p r e d i c t i o n s of 116+8.4 k J mol 1 f o r the 
former, and 9.6+8.4 k J mol 1 f o r the l a t t e r . 
2. c i s - P t C l 2 ( C 2 H 4 ) , ( C D 3 ) 2 S O 
C o n s i d e r a t i o n of symmetry ag a i n a l l o w s the d i s c a r d i n g of the s i n 0 
term i n the p o t e n t i a l f u n c t i o n . Although t h e r e i s no C a x i s i n t h i s 
molecule, the o r b i t a i s of the platinum atom w i t h which the e t h y l e n e group 
i s i n t e r a c t i n g remain the same. Furthermore, any s t e r i c c o n s i d e r a t i o n s 
must be s m a l l because NMR work has shown t h a t s u b s t i t u t i o n of s m a l l l i g a n d s 
c i s - and t r a n s - to e t h y l e n e causes l i t t l e d i f f e r e r f i e i n b a r r i e r h e i g h t . ^ 
The b a r r i e r data have t h e r e f o r e been c a l c u l a t e d u s i n g the model of Ghosh e t 
18 
a l . and are shown below: 
| Complex -1 V cm I _ ( A 2 AMU) K 5V ° -1 
kJ mol 
V 
k J mol 
V^(=25V /16) o 
kJ mol" 1 
V V(=SV A 6 ) m o 
k J mol 
cis-PtCl 0(C„H.).(CD o)„S0 2 2 4 3 2 172±9.0 19.54 103±11 20.6 32.2 11.6 
The v a l u e s above correspond very c l o s e l y to those found f o r the 
trans-PtCl 2(C 2Hj)„L compounds, and are again s i m i l a r to those reported by 
^ , , 1 8 Ghosh e t a l . 
181. 
Appendix; S t r u c t u r a l Data Used i n the C a l c u l a t i o n of the Reduced Moments of 
I n e r t i a ( I ) of c i s - and t r a n s - PtClgCC^H ).L. Complexes 
No c r y s t a l s t r u c t u r e s have, to our knowledge, been determined 
of the t r a n s - o r c i s - P t C l ^ C g H ^ ) . L compounds s t u d i e d . Consequently, v a l u e s of 
bond angles and bond l e n g t h s have been taken from those known f o r the r e s p e c t i v e 
c o n s t i t u e n t s of the compound,and i n each case a P t - L bond l e n g t h has been 
assumed. 
1. E t h y l e n e 
The c o o r d i n a t e s below are d e r i v e d from the bond l e n g t h s and bond angles 




















2„ t r a n s - P t C l 2 ( C 2 H 4 ) 0 N D 3 ( d i a o 4 ( x x ) ) 
PtCl 0(C„H. ): v a l u e s from the netron d i f f r a c t i o n s t u d y of K[PtCl 0(C„H.)1 
£ £ 1 u 3 2 4 J 
by Love e t a l . 
44 
ND^: gas phase v a l u e s from the work Helminger e t al„ 
Pt-N: band l e n g t h by comparison w i t h that obtained by Alderman 
45 
e t a l . f o r P t C l ^ C ^ ) .NH(Me) . 
















C l x 0.000 Ptx 0.000 C l x 0.000 
y-2.302 y 0.000 y+2.302 
z+0.051 z+0.051 z+0.051 
Nx 0.000 
y 0.000 
Dx-0.469 z+2.071 Dx-0.469 
y-0.813 y+0,813 
Z+2.454 Dx+0.939 z+2.454 
y 0.000 
zf2.454 
dia.Mxx) trans - P t C ^ I C ^ f y ). ND3 
CI 
H 7A 0 2-302 A H D C 121-1 14A 0 
A 107 75 1 A 2 22 0 1-014 
1-014A 
® D 114-9 H 
2-302 A 7A 8 1-0 H 
3 
CI 
thytene group shown rotated through 180 degre 
184. 
3, trans-PtCl 2(C 2H 4).CD 3CN ( d i a . 4 ( x x i ) ) 
P t C l 2 ( C 2 H 4 ) : values from Zeise's s a l t . 1 0 
CDgCN: l i q u i d phase values from the study Thomas e t a l f 6 
Coordination of a c e t o n i t r i l e by the n i t r o g e n lone p a i r i s assumed a f t e r 
23 
Meester e t a l . , and hence, 
45 
Pt~N: value used f o r PtCl„(C„H.)„ND . 
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186. 
4. trans-PtCl 2(C 2H 4)<,DCON(CD 3) 2(dia 4 . ( x x i i ) ) 
10 PtCl (C H ) : values from Zeise's s a l t . 
DCON(CD ) • values from the e l e c t r o n d i f f r a c t i o n study of 
47 
HC0N(CH ) by V i l k o v e t al„ but w i t h r » 46 assumed t o be l„107Aasin CD CN. o 
Ligand c o o r d i n a t i o n i s assumed to take place v i a oxygen i n agreement 
23 
w i t h the work of Meester e t al„ and hence, 
Pt-0: bond l e n g t h by comparison w i t h t h a t obtained 
. by X-ray d i f f r a c t i o n f o r the compound 
[ { p ( o - C H 3 C 6 H 4 ) ( t B u ) 2 } P t {PCCgH^^BiOjj} -(NO,)]! 













Clx 0.000 Ptx 0.000 Clx 0.000 
y-2.280 y-0„049 y+2.183 







Dx 0.000 Nx 0.000 
y-1.911 y+0.036 
z+2.831 z+3.551 
CD x 0.000 
y-0.433 
z+5.188 








to Q to 
















trans-PtCl-CC.H,, ).C„DCND„ ( d i a . 4 ( x x i i i ) ) 
PtCl (C QH. ): values from Zeise's s a l t . 1 0 
49 
C d ND : values from l i q u i d phase study of L i s t e r e t a l . 6 5 2 
Pt-N: value by comparison w i t h t h a t obtained f o r 
,PtCl 2((CH 3) 3C-C=C-C(CH 3) 3 )„p-MeC 6H 5NH 2 by Davies 
, 50 
s t a l , 
The coordinates r e s u l t i n g from the above assumptions are l i s t e d below; 
Hx+1.235 Hx+1.235 
y-0.916 y+0„916 










Clx-0.032 Ptx-0„032 Clx-0.032 
y-2.302 y 0.000 y+2.302 










Dx-0.114 Cx-0.029 Cx-0.029 Dx-0.114 
y-2.136 y-1.206 y+1.206 y+2.136 
z+2.645 z+3.175 z+3.175 z+2.645 
Dx+0„284 Cx+0.199 Cx+0.199 Dx+0.284 
y-2.136 y-1.206 y+1.206 y+2.136 
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c i s - P t C l 2 ( C 2 H )„(CD 3) 2SO (dia„ 4(xxiv)) 
10 PtClgCC H ) : values from Zeise's S a l t . 
51 
(CD ) SO; values from l i q u i d (CH ) SO but w i t h r _ _ 
assumed t o be 1 ,07#„ 
Co-ordination of dimethyl sulphoxide i s assumed t o take place v i a the 
24 
sulphur atom a f t e r the work of Boucher and Bosnich , and hence, 
Pt~S: value by comparison w i t h t h a t found f o r 
52 
[ ( E t S)PtBr ] 2 by Sales e t a l . 
The coordinates r e s u l t i n g from the above assumptions are l i s t e d below: 
Hx+1.249 Hx+1.249 
y-0„412 y+1.158 Clx 0,000 




z-2.022 Ptx 0.000 Clx 0.000 
y+0.373 y+0.373 









CD x-0.745 Ox+1.460 CD x~0.745 
y-2.685 y-2.019 y-2.685 
z-1.583 z 0.000 z+1.583 
o. 
3" •v4 




















1. (a)Wunderlich, J.A. and Mello r , D.P. , Acta C r y s t a l l o g r . ,7, 130, 1954. 
(b)Wunderlich, J.A. and Mello r , D„P„, Acta C r y s t a l l o g r . , 8 , 57, 1955. 
2. (a)Bokii,GoB. and Kukina,G.A..Krisallografiya, 2, 400, 1957. 
(b)Bokki, G.B. and Kukina,G.A.,Zh.Strukt.Kim.,6, 706, 1965. 
3. Black,M., Mais, R.H.B. and Owston, P.G., Acta Crystallogr..Sect.B, 25, 
1753, 1969. 
4. ( a ) J a r v i s , J.A.J., K i l b o u r n , B.T. and Owston, P.G., Acta C r y s t a l l o g r . , S e c t 
B,26, 876, 1970. 
( b ) J a r v i s , J.A.J., K i l b o u r n , B.T. and Owston ,P.G.,Acta Crystallogr.,Sect.B 
27, 366, 1971. 
5. Dewar, M.J.S., Bull.Soc.Chim.France, 18, C79, 1951. 
6. Chatt,J. and Duncanson, L.A., J.Chem.Soc.,2939, 1953. 
7. Wheelock, K.S., Nelson, J.H., Cusachs, L.C. and Jonassen, H.B., J.Araer. 
Chem.Soc., 92, 5110, 1970. 
8. Craig, D.P.,Maccoll,A., Nyholm, R.S., Orgel, L.E. and Sutton, L.E., 
J.Chem.Soc., 332, 1954. 
9. Hamilton, W.C., Klanderman, K.A. and Spratley, R., Acta C r y s t a l l o g r . , 
Sect.A, 25, 5172, 1969. 
10. Love, R.A., Koetzle, T.F., Wi l l i a m s , G.J.B., Andrews, L.C. and Bau, R., 
Inorg.Chem., 14, 2653, 1975. 
11. Maricic , S., Redpatch, C.R. and Smith, J.A.S., J.Chem.Soc., 4905., 1963, 
12. Johnson, B.F.G. and Segal, J.A., J.C.S.Chem.Comm., 1312, 1972. 
13. Cramer, R., J.Amer.Chem.Soc. , 8J3, 217, 1964. 
14. Ashley-Smith, J., Douek, Z., Johnson, B.F.G. and Lewis, J., J.C.S. 
Dalton, 128, 1974. 
15. Holloway, C.E., Hulley, G., Johnson, B.F.G. and Lewis, J., J.Chem, 
Soc.A, 53, 1969. 
16. Holloway, C.E., Hulley, G., Johnson, B.F.G. and Lewis, J., J.Chera. 
Soc.A, 1653, 1970. 
17. Ashley-Smith, J., Douek, Z., Johnson, B.F.G. and Lewis, J., J.C.S. 
Dalton, 1776, 1972. 
18. Ghosh, R.E., Waddington, T.C. and Wright, C.J., J.C.S. Faraday I I , 69, 
275, 1973. 
19. Howard, J., Waddington, T.C. and Wright, C.J., J.C.S. Faraday I I , 
72, 513, 1976. 
20. Howard, J. and Waddington, T.C., J.C.S. Faraday I I , 74, 1275, 1978. 
193. 
21. Howard, J., Ph.D. Thesis, U n i v e r s i t y of Durham, 1976. 
22. Howard, J., Waddington, T o C and Wright, C.J,, J.C.S. Faraday I I , 73, 
1768, 1977. 
23„ Meester, M.A.M., Stufkens, D.J. and Vrieze, K., Inorg.Chim.Acta, .16, 
191, 1976. 
24. Boucher, H. and Bosnich, B., Inorg.Chem., 16, 717, 1977. 
25. Hamilton, W.C., Nat.Bureau of Standards Special P u b l i c a t i o n Number 301, 
p.193, 1969. 
26. Grogan, M.J. and Nakamoto, K. , J.Amer<,Chem.Soc., 88, 5454, 1966. 
27. Pradilla-Sorzano, J. and Fackler, J.P., J.Mol.Spectrosc., 22, 80, 1967. 
28. Grogan, M.J. and Nakamoto, K., J.Amer.Chem.Soc., 90, 918, 1968. 
29. H i r a i s h i , J., Spectrochim.Acta, 25A, 749, 1969. 
30. Powell, O.B., Sc o t t , J.G.V. and Sheppard, N., Spectrochim. Acta, 28A, 
327, 1972 
31. F r i t z , H.P. and Sellman, D., J.Organometal. Chem., 6, 558, 1966. 
32. Howard, J. and Waddington, T.C., Neutron I n e l a s t i c S c a t t e r i n g , 1977, 
Vol.I,IAEA, Vienna, 1978. 
33. H i r a i s h i , J., Nakagawa, I . and Shimanouchi, T,, Spectrochim.Acta, 24A, 
819, 1968. 
34. Nakamoto,, K., McCarthy, P.J., F u j i t a , j , f Condrate, R.A. and Behnke, G.T. 
Inorg.Chem., 4, 36, 1965. 
35. Herzberg, G., I n f r a r e d and Raman Spectra of Polyatomic Molecules, 
D.Van Nostrand, New York, 1945. 
36. Adams, D.M„ and H a l l , J.R., J.C.S.Dalton, 1450, 1973. 
37. Shupak, S. I . and Orchin, M., Inorg.Chem,,, 3, 374, 1964. 
38. ( a ) R a i , J.N.and Maheshwar, R.C., Curr.Sci., 39, 435, 1970. 
(b ) R a i , J.W. and Maheshwar, R.C., Ind.J.Pure Appl.Phys., 9, 27, 1971. 
39. Cotton, F.A., Francis R. and Horrocks, W.D., J.Phys.Chem., 640 1534, 
1960. 
40. Kukushkin, Yu.N. and Spevak, V.N., Zh.Neorg.Khim., 1T_, 3176, 1972. 
41. Kukushkin, Yu.N. and Pakhomova, I.V., Zh.Neorg.Khim., 15, 1882, 1970. 
42. M i l l e r , F.A., Molecular Spectroscopy, Ed.Hepple, P., I n s t i t u t e of 
Petroleum, London, 1968. 
43. Das, T.P., J.Chem. Phys., 2^, 896, 1956. 
194. 
44. Helminger, P., De Lucia, F.C. and Gordy, W., J.Mol.Spectrosc., 3_9 
94 , 1971. 
45. Alderman, P.R.H., Owston, P.G. and Rowe, J.M., Acta Cryst., 13, 149, 
1960. 
46. Thomas, L.F., Sherrard, E . I . and Sheridan, J., Trans.Faraday Soc.,51, 
619, 1955. 
47. V i l k o v , L.V., A k i s h i n , P.A. and Presnyakova, V.M., Zh.Strukt.Khim., 3, 
5, 1962. 
48. H a r t l e y , F.R., The Chemistry of Platinum and Palladium, p.513, Applied 
Science Publishers, London, 1973. 
49. L i s t e r , D.G., Ty l e r , J.K., Hoeg, J.H. and Wessel Larsen, N., J.Mol. 
S t r u c t . , 23, 253, 1974. 
50. Davies, G.R., Hewertson, W., Mais, R.H.B., Owston, P.G. and Pa t e l , C.G,, 
J.Chem.Soc.A, 1873, 1970. 
51. Bastiansen, 0. and V i e r v o l l , H., Acta Chem.Scand., 2, 702, 1948. 
52. Sales, D.L., Stokes, J. and Woodward, P., J.Chem.Soc.A, 1852, 1968. 
195. 
CHAPTER V 
STUDIES OF CO-ORDINATED ACETYLENE : THE COMPLEX Cc>2(CO)g-C^ 
A, I n t r o d u c t i o n 
Co^CO^C^H^ i s a rare example of a simple complex which contains 
TT-bonded acetylene and e x i s t s out o f s o l u t i o n . I t i s t h e r e f o r e i d e a l l y 
s u i t e d to be a model upon which studies of acetylene adsorbed on z e o l i t e 
surfaces may be based. 
Although the s t r u c t u r e of Co (CO) C H has not been determined, t h a t 
of Co^CCO^ .PnCgPh is known 1. I n the l a t t e r , diphenylacetylene has 
been shown t o coordinate above, and p e r p e n d i c u l a r l y t o , the c o b a l t - c o b a l t 
bond, assuming a non-linear c o n f i g u r a t i o n i n which both phenyl groups are 
2 
bent away from the Co^-Cg bond. An approximate d e s c r i p t i o n of the 
environment of the c o b a l t atom would be, t h e r e f o r e , t h a t i t was contained 
w i t h i n a d i s t o r t e d t r i g o n a l bipyramid ; w h i l s t the ethy n y l carbons may be 
seen to have roughly t e t r a h e d r a l symmetry. The presumed s t r u c t u r e of 
Co 2(CO)g„C 2H 2 based upon the f i n d i n g s f o r the diphenylacetylene complex 
i s shown i n dia„5(i) 0 
The f i r s t i n f r a r e d spectra of the Co2(CO)g.QgHg complex were measured 
3 4 
by Sternberg e t a l , ' , but only t e n t a t i v e assignments were p o s s i b l e , 
5 
Subsequently, studies were c a r r i e d out by Iwashita e t a l , employing 
i n f r a r e d and NMR techniques i n which the complexes Co^CO^HCD , c°2^ c 0^6° C2 D2' 
Co (CO) *3CHCH, and Co o(C0) CH P t C ^ H ) as w e l l as Co 0(C0)„ 0C oH„ were <s o £ o z £ b 5 o 2 6 2 2 
investigated„ From the data, assignments of the v i b r a t i o n a l frequencies 
were made and i n f o r m a t i o n r e l a t i n g t o the s t r u c t u r e deduced, 
D i a 0 5 ( i i ) shows the normal modes of l i n e a r acetylene, w h i l s t the 
proposed models f o r the co-ordinated alkyne are i l l u s t r a t e d i n dia„5(iii). 
The corresponding symmetry species and spectroscopic a c t i v i t i e s expected f o r 
each c o n f i g u r a t i o n are l i s t e d i n Table 5,1, On the basis of t h i s i n f o r m a t i o n , 
ft 
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TABLE 5.1 C o r r e l a t i o n of Symmetry w i t h Infrared/Raman A c t i v i t y 













I n f r a r e d 
C 2 v A l 3 I n f r a r e d , JL Raman 
A 2 1 Raman 
B. 0 I n f r a r e d , 
1 Raman 
2 I n f r a r e d , 
Raman 
C 2 h \ 3 Raman 




Bu 2 I n f r a r e d 
A 4 I n f r a r e d , 
Raman 
B 2 I n f r a r e d , 
Raman 
i t was p o s s i b l e f o r Iwashita e t al„ t o conclude t h a t the presence of two 
C-H s t r e t c h i n g modes (£ T and as w e l l as the v(C=C) v i b r a t i o n ( E + ) 
g u g 
i n the i n f r a r e d spectrum i m p l i e d a loss o f symmetry by the acetylene 
molecule i n the complexed s t a t e . Asymmetry was r u l e d out by the f a c t t h a t 
the acetylene protons only y i e l d e d one s i g n a l (6= 4„0ppm) i n the NMR spectrum. 
Comparison o f c°2^ c°)6 o C2 H2 w i t n t h e triphenylphosphine s u b s t i t u t e d complex 
showed t h a t w h i l s t the i n f r a r e d spectra were s i m i l a r , the NMR spectra 
d i f f e r e d , the s u b s t i t u t e d compound producing a doublet at 6= 5„25ppm 
ascribed as the r e s u l t of phosphorus-hydrogen s p i n - s p i n coupling through 
the c o b a l t atoms. Consequently, i t was concluded t h a t both protons were 
e q u i v a l e n t i n c°2^ c 0^6° C2 H2° P^ C6 H5^3' a n d h e n c e t h a t a C s t r u c t u r e was 
also u n l i k e l y i n the case of Co (CO) C„H „ The presence of f i v e s t r o n g 
199. 
i n f r a r e d a c t i v e bands was thus t a k e n as a f f o r d i n g a d d i t i o n a l c o n f i r m a t i o n 
f o r t h e l i k e l y symmetry o f t h e c o - o r d i n a t e d a c e t y l e n e as C . 
I t was n o t e d t h a t t h e v i b r a t i o n a l f r e q u e n c i e s d e r i v e d f r o m a c e t y l e n e 
i n t h e Co (CO) 0C„H„complex were v e r y s i m i l a r t o those o f t h e f i r s t £ b £ £ 
7 8 
e l e c t r o n i c a l l y e x c i t e d s t a t e , , However, I n g o l d and K i n g , and Innes had 
shown t h a t i n t h i s s t a t e the a l k y n e adopted a t r a n s bent c o n f i g u r a t i o n as 
2 
a r e s u l t o f a change o f h y b r i d i s a t i o n f r o m sp t o sp , i t was t h e r e f o r e 
n e c e s s a r y t o r e c o n c i l e t h e C 0 symmetry i n d i c a t e d f r o m t h e a c t i v i t i e s o f 
th e i n f r a r e d bands w i t h t h e C^^ symmetry o f the t r a n s c o n f i g u r a t i o n 
5 
suggested by t h e f r e q u e n c i e s . Consequently I w a s h i t a e t a l . proposed 
that„the t r a n s f o r m o f e x c i t e d - a c e t y l e n e becomes amended t o t h e c i s f o r m 
on c o m p l e x a t i o n 0 As s u p p o r t f o r t h i s h y p o t h e s i s t h e a u t h o r s p o i n t e d o u t 
t h a t b o t h t h e t r a n s and c i s s t r u c t u r e s were a l m o s t e q u i v a l e n t e n e r g e t i c a l l y , 
and a l s o t h a t t h e l a t t e r c o n f i g u r a t i o n a v o i d e d t h e p o s s i b i l i t y o f s t e r i c 
r e p u l s i o n between an a c e t y l e n e p r o t o n and t h e c o b a l t c a r b o n y l m o i e t y . 
F u r t h e r e v i d e n c e f o r a change i n a c e t y l e n e h y b r i d i s a t i o n was o b t a i n e d f r o m 
13 
NMR i n v e s t i g a t i o n s o f t h e compound C o 2 ( C O ) g . CHCH where t h e v a l u e o f t h e 
13 
CH c o u p l i n g c o n s t a n t was d e t e r m i n e d by s p i n - p e r t u r b a t i o n t o be between 
9 
t h a t o f a c e t y l e n e and e t h y l e n e „ 
5 
I t was t h e r e f o r e p o s s i b l e t o p u t f o r w a r d a b o n d i n g model whereby t h e 
c o - o r d i n a t e d a l k y n e assumes an e t h y l e n e l i k e shape, two c i s s i t e s b e i n g 
o c c u p i e d by hydrogen atoms, and t h e r e m a i n i n g two empty c i s s i t e s ( w i t h 
non-bonding o r b i t a l s ) f o r m i n g a bonds, one t o each c o b a l t atom. Back 
d o n a t i o n by t h e m e t a l atoms may t h e n t a k e p l a c e f r o m t h e f i l l e d d o r b i t a l s 
3 
o f t h e m e t a l atoms (dsp h y b r i d i s e d ) i n t o t h e a n t i b o n d i n g 77* o r b i t a l s 
o f a c e t y l e n e . I n d e e d , t h i s back bo n d i n g has been suggested as 
c o n t r i b u t i n g more t o t h e s t a b i l i s a t i o n o f t h e a l k y n e - m e t a l bond t h a n t h e 
10 
f o r w a r d p r o c e s s . The n e t e f f e c t i s t h u s t h e t r a n s f e r e n c e o f a l i g a n d 
e l e c t r o n f r o m t h e h i g h e s t bonding ( U ) o r b i t a l t o t h e l o w e s t a n t i b o n d i n g 
(ft*) o r b i t a l . ^ 
200. 
12 
I n a l a t e r paper, I w a s h i t a made a normal c o - o r d i n a t e a n a l y s i s 
o f t h e Co C H p a r t o f t h e complex, and d e t e r m i n e d t h e f o r c e c o n s t a n t s 
£t £ di 
o f t h e complexed a c e t y l e n e w h i c h were compared w i t h those o f t h e a l k y n e 
i n t h e e x c i t e d s t a t e . The s p e c t r a l r e g i o n examined was extended i n t o t h e 
f a r - i n f r a r e d and t e n t a t i v e i d e n t i f i c a t i o n was made o f a d d i t i o n a l v i b r a t i o n s 
f o u n d . 
R e c e n t l y a Raman i n v e s t i g a t i o n o f a s e r i e s o f compounds Co 0(CO) , C„R„ 
A b Z Z 
(where R=H, CF„, CH„, C00CH o and C^U^) and Fe„(C0)„S„ has been c a r r i e d o o o b o Z b Z 
13 
o u t by K e t t l e and S t a n g h e l l i n i w h i c h has l e d t o s e v e r a l f r e q u e n c i e s o f t h e 
Co 2(CO)g£ 2H 2molecule b e i n g r e - a s s i g n e d . 
B„ E x p e r i m e n t a l 
Co 2(CO)g„C 2H 2 was p r e p a r e d by t h e method d e s c r i b e d i n t h e paper o f 
5 
I w a s h i t a e t a l . 
T i m e - o f - F l i g h t s p e c t r a were o b t a i n e d o f t h e complex a t t e m p e r a t u r e s 
o f 88 and 233K u s i n g t h e 4H5 Cold N e u t r o n Spectrometer„ H i g h e r f r e q u e n c y 
s t u d i e s were c a r r i e d o u t a t 23K w i t h t h e Dido BFD Spectrometer, and a t 
l i q u i d n i t r o g e n t e m p e r a t u r e w i t h t h e P l u t o BFD Spectrometer,, I n a l l cases 
t h e sample was c o n t a i n e d i n a t h i c k - w a l l s i l i c a l i q u i d c e l l . 
C„ D i s c u s s i o n o f R e s u l t s 
B e f o r e assignment o f t h e v i b r a t i o n a l f r e q u e n c i e s , i t i s perhaps 
w o r t h w h i l e c o n s i d e r i n g i n g r e a t e r d e t a i l t h e symmetry o f t h e Co (CO) .C0H 
mo l e c u l e and t h e v i b r a t i o n a l modes e x p e c t e d . 
The Co (CO) f r a g m e n t o f t h e complex has been a n a l y s e d i n D„ symmetry, z o oh 
t h e p r i n c i p a l a x i s b e i n g t a k e n as t h a t l a b e l l e d 'x' i n d i a . 5 ( i ) . The 36 
i n f it i ?i 
s p e c i e s r e s u l t i n g f r o m t h i s a n a l y s i s , 5A + 2A, + A + 4A + 6E + 6E , a r e 
X A £ £i 
i l l u s t r a t e d i n d i a . 5 ( i v ) . By means o f t h e c o r r e l a t i o n t a b l e below ( T a b l e 
5„2), these may be seen t o c o r r e s p o n d i n C 0 symmetry t o 11A + 8A_ + 10B 
zv 1 2 1 
+ 7 B 2 > p r o v i d i n g t h e axes used are t h o s e r e p r e s e n t e d i n d i a . 5 ( i ) , t h a t i s 
t h e x a x i s p a r a l l e l t o t h e c o b a l t - c o b a l t bond, t h e y a x i s p a r a l l e l t o t h e 
201. 
Y ^ A ' t ) Stretch Stretch v^ lA ' , ) Bend 
^ Q ( A ) Stretch 
v A a l A ^ ) Bend ^5alA3) Stretch 
V 5 b (A^) Stretch V 5 a (A' 2 ) Bend feb(A^) Bend 
7 a l E ' 1 S t r e t c h ^ V 7 b ( E ' ) Stretch * ^ , 1 ' , * B e n d > 
v g a ( E ) Bend ^ b ' E ' ) Bend) 
^lOalE") Stretch V l 0 b ( § < s t r e t c h 
V 1 1 b ( E " ) Bend V 1 2 a ( E " ) Bend 
?0 ?0 
v 12b(E" ) Bend 
d ia . 5 l i v ) The Normal Vibrations of the C o 2 l C O ) 5 Moiety : 
D3h symmetry. 
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a c e t y l e n e c a r b o n - c a r b o n bond, and t h e z a x i s c o i n c i d i n g w i t h t h e C a x i s 
o f t h e whole molecule„ 
T a b l e 5.2 C o r r e l a t i o n o f C„ , and T. symmetries 2v-—3h d — - — 
°3h C 2 v T d C 2 v 
A i A l A l A l 
A 2 B 2 A 2 A 2 
A" 
A l A 2 E A 1 + A 2 
A" A 2 B l F l A 2 + B l + B 2 
E' A l + B 2 F 2 A l + B l + B 2 
E" A 2 + B l 
The a c e t y l e n e m o l e c u l e has a l s o been a n a l y s e d u s i n g t h e C^v p o i n t g r o u p 
and t h e axes d e f i n e d i n dia„5(i)„ The v i b r a t i o n a l symmetries t h u s i n d i c a t e d , 
3A. 1+A2+2B 2, a r e shown i n d i a . 5 ( v ) . By s u b t r a c t i n g t h e s p e c i e s o f t h e two 
f r a g m e n t s f r o m t h o s e p r e d i c t e d f o r t h e whole m o l e c u l e , t h e symmetries may 
be f o u n d o f t h e 6 a d d i t i o n a l v i b r a t i o n s e x p e c t e d when 
C o 2 ( C 0 ) g ( 3 ( 1 4 ) - 6 = 36) and c E ( 3 ( 4 ) - 6 = 6) 
ar e combined t o f o r m Co (CO) C H ( 3 ( 1 8 ) - 6 = 4 8 ) ( T a b l e 5,3) 
Table 5„3 The V i b r a t i o n a l S p e c i e s of the Co^CCQg.CgHgComplex 
S p e c i e s S t r e t c h i n g V i b r a t i o n s B e n d i ng V i b r a t i o n s T o t a l V i b r a t i o n s 
C o 2 ( C O ) e C 2 H 2 
C o 2 ( C 0 ) 6 
C 2 H 2 
T r a n s l a -
t i o n a l and , 
T o r s i o n a l 
Modes J 
8Aj + 2A 2 + 4 B 1 + 3 B 2 
5A 1+ 2A ? + 4 B 1 + 2 B 2 
2A X+ 0 A 2 + OB-j^  + 1 B 2 
1A + OA + OB + OB 1 2 1 2 
7A + 8A + 8B + 8B 
X X £* 
6A 1 + 6A 2 + 6B1 + 5 B 2 
1A, + 1A 0 + OB, + 1B„ 
Ok^ + 1A 2 + 2 B 1 + 2 B 2 
15A + 10A + 12B +11B 
A £* X £i 
11A + 8A 2 + 10B + 7 B 2 
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The modes t h u s o b t a i n e d f o r t h e t h r e e h i n d e r e d t r a n s l a t i o n s and t h r e e 
h i n d e r e d t o r s i o n s o f a c e t y l e n e r e l a t i v e t o t h e C o^CO^ m o i e t y ( d i a 0 5 ( v i ) ) 
a r e A 1 + B^ ^ + B 2 and A.^ + Bi + B 2 r e s p e c t i v e l y . T h i s i s n o t i n 
12 
agreement w i t h t h e a n a l y s i s o f I w a s h i t a , w h i c h suggested t h a t t h e r e 
s h o u l d be t h e f o l l o w i n g s p e c i e s , 2A + A + 2B + B „ I t must be presumed 
-L £^ X £» 
t h a t t h e d i s c r e p a n c y between t h e two d e s c r i p t i o n s r e s u l t s f r o m t h e d i f f e r i n g 
a p p r o x i m a t i o n s made, t h e method d e t a i l e d above assuming weak i n t e r a c t i o n 
between a c e t y l e n e and t h e COg(C0)g moiety, and t h a t o f I w a s h i t a c o n s i d e r i n g 
Co C„H as a s e p a r a b l e u n i t w h i c h may be d i s c u s s e d i n terms o f C symmetry. 
For two reasons, i t i s our c o n s i d e r e d o p i n i o n t h a t t h e a p p r o x i m a t i o n d e r i v e d i n 
t h i s - w o r k i s t h e b e t t e r d e s c r i p t i o n o f t h e system. F i r s t l y , I w a s h i t a does 
n o t t a k e i n t o c o n s i d e r a t i o n t h e c a r b o n y l modes w h i c h may be e x p e c t e d t o have 
g r e a t i n f l u e n c e upon t h e symmetry o f t h e c o b a l t - c o b a l t bond, e s p e c i a l l y as 
t h e d i s a g r e e m e n t i s f u n d a m e n t a l l y between an mode p r e d i c t e d i n h i s a n a l y s i s 
and a mode i n d i c a t e d i n o u r d e s c r i p t i o n , , Secondly, i t i s perhaps more 
p h y s i c a l l y r e a s o n a b l e t o assume t h a t t h e b o n d i n g o f a c e t y l e n e t o CO (CO) 
w i l l be r e l a t i v e l y weak. 
As an a d d i t i o n a l a i d t o a n a l y s i s , dia„ 5 ( v i i ) i l l u s t r a t e s t h e normal 
modes o f a t e t r a h e d r o n t o w h i c h Co^Cg may be compared., The modes p r e d i c t e d 
f r o m T^ symmetry, A^ + E + , may be c o r r e l a t e d w i t h t h e p o i n t g roup 
a f t e r Table 5.2: 
T d C 2 V 
A l p A l 
E — * A ] L + A 2 
F 2 ~ * A l + B l + B 2 
I n p r e v i o u s s t u d i e s o f e t h y l e n e complexes*^, and o f e t h y l e n e ^ * ^ and 
a c e t y l e n e ^ " ^ adsorbed on Agl3X z e o l i t e , v i b r a t i o n s i d e n t i f i e d as t r a n s l a t i o n s 
t , t and t , and t o r s i o n s , T and T ( e q u i v a l e n t t o T i n t h i s w o r k ) , have x y z ' z y x 
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v a r i o u s modes i n c l u d e r e p r e s e n t a t i v e s o f a l l t h e symmetry s p e c i e s o f t h e 
C„ p o i n t g r o u p . S i m i l a r l y , r e f e r e n c e t o Table 5.3 and d i a . 5 ( i v ) shows t h a t 
a l l t h e s p e c i e s o f C^y symmetry a r e a g a i n found i n t h e numerous Co-CO s t r e t c h e s 
and Co-C-0 bends. As th e s e v i b r a t i o n s have been a s s i g n e d t o f r e q u e n c i e s 
- 1 5 - 1 below 515cm i n t h e s t u d y o f I w a s h i t a e t a l . , and below 580cm i n t h e work 
13 
o f K e t t l e and S t a n g h e l l i n i , i t would n o t be a l t o g e t h e r s u r p r i s i n g i f m i x i n g 
between t h e v a r i o u s Co-C-0 and Co-CO modes and those i n v o l v i n g t h e t r a n s l a t i o n s 
and t o r s i o n s (of t h e a c e t y l e n e moiety) was t o ta k e p l a c e on a somewhat e x t e n s i v e 
s c a l e . I t m i g h t t h e r e f o r e be a n t i c i p a t e d t h a t bands found i n t h e INS 
s p e c t r a o f C°2^ C 0^6« C2 H2 c o u l d b e broadened, and perhaps have i n t e n s i t i e s at 
v a r i a n c e w i t h p r e d i c t i o n s w h i c h do n o t t a k e i n t o a ccount t h e p o s s i b i l i t y o f 
m i x i n g . 
TABLE 5.4 The Symmetries o f t h e V i b r a t i o n s Expected t o be 
— — — " A c t i v e " i n t h e INS Spectrum Assuming t h e Absence 
o f M i x i n g 
D e s c r i p t i o n o f V i b r a t i o n Symmetry Species 
V (C-H) 
s A l 









T o r s i o n j 
z 
A2 
T o r s i o n T 
y 
B l 




a s B2 6 (C-H) 
as 
B2 
"as^VV °r T X B2 
T r a n s l a t i o n t 
y 
B2 
Note: The axes chosen i n t h i s a n a l y s i s f o l l o w t h o s e o f i w a s h i t a and are n o t 
those adopted i n Chapter i v , o r i n t h e v a r i o u s s t u d i e s o f t o r s i o n a l modes 
c a r r i e d o u t by Howard e t a l l 5 - 1 7 As a r e s u l t , t r a n s l a t i o n s and 
t o r s i o n s denoted x o r y i n t h e t a b l e above c o r r e s p o n d w i t h t h o s e l a b e l l e d 
y o r x i n Chapter I V and i n t h e work o f Howard e t a l . 
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The INS spectra of Co (Co) C H are shown i n dias„5 ( v i i i ) - ( x i v ) , and 
5 12 
the observed frequencies tabulated against those found by Iwashita et al„ ' 
13 
and by K e t t l e and S t a n g h e l l i n i i n Table 5.5„ I n the l a t t e r study, p o l a r i s e d 
Raman bando were located at 210, 310, 395, 435 and 556 cm \ Only one of these 
frequencies has an analogue i n the INS spectrum, t h a t at 435 cm 1 (432 cm 1 INS), 
By v i r t u e of i t s symmetry, and presence i n the BFD spectrum, t h i s mode 
must correspond t o the symmetric s t r e t c h ( t ) of the acetylene group r e l a t i v e 
to the cob a l t atoms, rat h e r than the previous assignments of 605 cm and 
- I 1 3 
395 cm „ The i n f r a r e d frequency equivalent to t h a t found i n the INS 
5 - 1 
spectrum f o r the symmetric s t r e t c h i s reported by Iwashita et al„ as 424 cm 
The deuterated acetylene spectrum, also measured, shows a band at 421„5 cm 1 
(Table 5„5)„ I f these both correspond t o the symmetric s t r e t c h , and they 
are of weak i n t e n s i t y , then the d e u t e r a t i o n s h i f t would be 0„994. This 
compares favourably w i t h the value p r e d i c t e d on the basis of a crude model 
of acetylene bound t o an i n f i n i t e l y l a r g e mass (0„964)„ 
The i n t e n s i t i e s of other INS bands have been c a l c u l a t e d r e l a t i v e to 
t h a t assigned above as t (Table 5„6)„ These must be regarded as approximate 
because the Co_(Co)„0C„H„ spectrum has been measured i n three sections (one 
T-Q-F and two BFD). Consequently, each p a r t has had t o be normalised w i t h 
respect t o the others on the basis of the i n t e n s i t i e s of common frequencies,, 
14 
However, comparing these r a t i o s w i t h those p r e d i c t e d f o r the 
t r a n s l a t i o n a l and the t o r s i o n a l modes of acetylene r e l a t i v e t o the c o b a l t -
c o b a l t bond, i t may be seen t h a t p r e d i c t i o n and experiment are i n close 
- 1 , 
agreement f o r the assignment of the lowest frequency BFD v i b r a t i o n (156 cm ) 
to T z ^ 2 ^ s w n : 3- c n i s t n e t o r s i o n a l mode of acetylene about an axis projected 
through both the centres of the c o b a l t - c o b a l t and carbon-carbon bonds 
(dia „ 5 ( i )) <, A d d i t i o n a l support f o r t h i s assignment may be found from the 
s i m i l a r l o c a t i o n of the analogous t o r s i o n i n INS studies of various n - bonded 
^ •, , 14-16 ethylene complexes 
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218. 
Turning now t o the T-O-F spectra, as w e l l as t h a t band i d e n t i f i e d w i t h 
-1 -1 
T , three other peaks are v i s i b l e , at 38„5- 42 cm , 73„5-78 cm and z 
HO,5 cm \ The former of these almost c e r t a i n l y comprises a number of 
v i b r a t i o n a l frequencies which are ill-resolved„ However, these appear 
d i s p e r s i v e and the lowest frequency band(s) must as a r e s u l t be regarded 
as a l a t t i c e vibration(s)„ 
The v i b r a t i o n at 110.5 cm 1 has been i d e n t i f i e d i n the f a r - i n f r a r e d 
12 
work of Iwashita as an (OC)-Co-(CO) bending mode . Whilst mixing might 
be invoked t o e x p l a i n i t s presence i n the INS spectra, i t appears from 
i n t e n s i t y c onsiderations (Table 5.6) to be more p r o p e r l y designated a 
t r a n s l a t i o n a l mode of acetylene, e i t h e r t ( B ) or t ( B „ ) „ Again, a 
x .1 y ^ 
measure of c o r r o b o r a t i o n f o r t h i s assignment i s afforded by the i d e n t i f i c a t i o n 
of s i m i l a r t r a n s l a t i o n a l v i b r a t i o n s i n the spectra of ethyl©ne-containing 
'model compounds"including Zeise's s a l t 1 ^ ' 1 ^ ^° i n the region ca„100-220 cm \ 
The f i n a l T-O-F band may also on i n t e n s i t y grounds be c o r r e l a t e d w i t h 
the remaining t r a n s l a t i o n a l model, e i t h e r t or t . I n t h i s case the 
y x 
i n t e n s i t y found experimentally i s s l i g h t l y smaller than t h a t predicted„ 
This might p o s s i b l y be explained by mixing t a k i n g place, whereby the 73„5-78 cm 
frequency loses i n t e n s i t y to a Co-CO s t r e t c h or Co-C-0 bend of the same 
symmetry species ( B or B.^  ) which i s present a t s i m i l a r frequency. 
Returning t o the higher energy spectra, an i n f r a r e d frequency 
approximately equivalent t o the BFD band at 786/797 cm 1 (768 cm 1 5 j , 1 2 , : 1 " 3 ) has 
been g e n e r a l l y assigned as the t o t a l l y symmetric OH bend ( A ^ ) , However, 
the INS i n t e n s i t y measurements (Table 5.6) i n d i c a t e s t r o n g l y t h a t a 
c o r r e l a t i o n w i t h T ( B ^ ) , the t o r s i o n of acetylene about an axis p a r a l l e l 
t o the C£C bond, i s more justified„ I n studies of the ethylene 
20 
c o n t a i n i n g ^-complex, Zeise's s a l t , i n f r a r e d measurements have located 
t h i s mode at about 1180 cm 
219, 
A s u b s t a n t i a l lowering i n the frequency of t h i s v i b r a t i o n has been 
15 16 
observed, however, i n INS studies of ethylene adsorbed on Agi3x Z e o l i t e ' , 
where i t has been reported at 418 cm 1„ S i m i l a r r e s u l t s have been found 
f o r acetylene adsorbed on the same z e o l i t e , w i t h a frequency of 523 cm ^  
16,17 
i n d i c a t e d . I t i s t h e r e f o r e not unreasonable t o suppose t h a t the 
more e l l i p s o i d a l l y symmetrical charge d i s t r i b u t i o n of acetylene compared 
w i t h ethylene w i l l allow a lowering i n energy of t h i s mode i n Co0(CO)„„ C,-.H0 
r e l a t i v e to Zeise's s a l t . C o r r e l a t i o n of t h i s frequency w i t h those 
observed i n the i n f r a r e d f o r the hydrogenous and deuterated acetylene 
-1 -1 5 compounds (768 cm and 602 cm r e s p e c t i v e l y ) leads to a d e u t e r a t i o n s h i f t 
of 0.784, which i s i n reasonable accord w i t h the p r e d i c t e d value of 0.741. 
This assignment t h e r e f o r e seems s t r o n g l y favoured and provides support 
5 
f o r the s t r u c t u r a l deductions of Iwashita e t a l , because, of course, the mode 
T y would only be observed i n the INS spectrum i f the acetylene molecule had 
become non-linear on complexation. 
An a l t e r n a t i v e explanation of the 797/786 cm 1 8FD band wouldj however, 
r e c o n c i l e the c o n f l i c t i n g assignments of T and O^C-H). I t i s possible 
to f i t a Gaussian (using a Du Pont Curve Resolver) beneath the 786 cm 1 INS 
frequency at about the energy i n d i c a t e d by i n f r a r e d studies (769 cm 
This would s p l i t the i n t e n s i t y of the band i n t o two components i n the r a t i o 
/ - 1 . -1 of 1 (769 cm ) t o 1.466 (795 cm ). An assignment of the lower frequency 
peak generated to 6 (C-H) would then provide agreement w i t h the work of 
Iwashita e t al.°, whereas the higher energy band would s t i l l be a reasonable 
choice f o r the T v i b r a t i o n , because i t would remain, i n accordance w i t h 
y 
-1 
p r e d i c t i o n , the most intense frequency below 1180 cm (6.424 times as intense 
as t ) o 
z 
-1 
The INS frequencies of 511 and 618 cm i n the C o2^ c 0^@p2 H2 c o m P l e x 
5 
have been v a r i o u s l y assigned by previous authors. Iwashita e t a L 
designated the former v i b r a t i o n (515 cm 1 ) as a cobalt-carbonyl group 
s t r e t c h or bend and a frequency a t 605 cm 1 as a cobalt-acetylene s t r e t c h . 
220. 
I n t h i s study, a band at 551 cm * was also c o r r e l a t e d w i t h a c o b a l t -
12 
acetylene s t r e t c h , and i t was on the basis of normal coordinate analysis 
and d e u t e r a t i o n s h i f t t h a t the lower frequency v i b r a t i o n was assigned as 
the antisymmetric mode, 
13 
K e t t l e and S t a n g e l l i n i also considered i n f r a r e d bands at 512 and 
522 cm 1 as co b a l t -carbonyl stretches or bends, but i n t h i s case p o l a r i s a t i o n 
data showed t h a t the v i b r a t i o n at ca. 556 cm could not be the antisymmetric 
cobalt-acetylene s t r e t c h . They f u r t h e r re-assigned the 605 cm * band as an 
antisymmetric C-H bend i n accordance w i t h t h e i r p o l a r i s a t i o n data, b e l i e v i n g 
5 
t h a t the i s o t o n i c s h i f t found by Iwashita et a l , was an underestimation 
based upon misassignment of the deuterated spectrum, 
-1 13 
The re-assignment of the 605 cm peak by K e t t l e and S t a n g h e l l i n i 
appears reasonable i n view of the INS data which i n d i c a t e s an i n t e n s i t y 
approximately equal t o t h a t of t , and the absence of any remaining 
t r a n s l a t i o n s ! mode w i t h which t h i s might be c o r r e l a t e d . This leaves the 
-1 
511 cm BFD frequency to be considered. I t would be unusual from previous 
15 16 
INS studies of eth y l e n e - c o n t a i n i n g organometallic complexes ' , and of 
17 
acetylene bound t o s i l v e r i n silver-exchanged z e o l i t e 13X , f o r the 
-1 
antisymmetric M-C^  s t r e t c h to be displaced more than approximately 100 cm 
to the high frequency side of the symmetric s t r e t c h . This suggests, perhaps, 
t h a t the INS band may probably be assigned t o the Co -C antisymmetric s t r e t c h 
(B2)„ However, i f the observed i n t e n s i t i e s are consulted (Table 5,6) i t 
w i l l be seen t h a t the value f o r the 511 cm 1 frequency, while l a r g e r than 
t h a t expected f o r a t r a n s l a t i o n a l mode, i s s u b s t a n t i a l l y less than t h a t 
p r e d i c t e d f o r T , I n view of the a l t e r n a t i v e assignments which have 
already been made f o r the INS frequencies below 797 cm 1 , i t must be 
concluded t h a t the only reasonable remaining c o r r e l a t i o n f o r the 511 cm * 
band i s w i t h the antisymmetric s t r e t c h . However, mixing needs to be 
invoked t o e x p l a i n the lack of agreement between c a l c u l a t e d and observed 
221. 
i n t e n s i t y values, as w e l l as the f a c t t h a t the BFD peak observed i s 
broader than the r e s o l u t i o n of the instrument (34-40 cm 1 ) . I t i s , 
though, i n t e r e s t i n g to note t h a t s i m i l a r non-agreement w i t h p r e d i c t i o n 
i s also present i n the B.FD spectra of Zeise's s a l t and dimer ' , where 
the symmetric and antisymmetric s t r e t c h e s of ethylene r e l a t i v e t o platinum 
have almost equal i n t e n s i t i e s , r a t h e r than the a n t i c i p a t e d r a t i o of 
approximately 1:2,648„ 
This leaves the INS peak at 903 cm ^ unassigned,, I t would be 
a n t i c i p a t e d t h a t non-linear acetylene would give r i s e t o three bending 
v i b r a t i o n s (dia„5(v)), the symmetric ( A ^ ) , the in-plane antisymmetric (Bg) 
and the out-of-plane antisymmetric (A ) „ Of these., one antisymmetric bend 
has been d e f i n i t e l y located i n agreement w i t h the work of K e t t l e and 
13 
S t a n g h e l l i n i „ This probably corresponds t o the out-of-plane mode, which 
might be expected t o be of lowest frequency, analogously w i t h ethylene and 
6 
ci s - 1 , 2 - d i c h l o r o e t h y l e n e „ I t i s l i k e l y , t h e r e f o r e , t h a t the remaining 
INS frequency represents one of the other bending modes, although i t i s 
not c l e a r which one 0 However, i f the " a l t e r n a t i v e explanation" of the 
797/786 cm 1 BFD peak i s c o r r e c t , and the v i b r a t i o n i d e n t i f i e d by Iwashita 
5 
e t a l 0 as the symmetric bend i s indeed present as a component of t h i s band, 
then t h e i r f u r t h e r assignment of a frequency at 894 cm 1 t o an antisymmetric 
in-plane bend might be supported„ 
Of necessity, the assignments made have had t o t e n t a t i v e ; however, 
a f u r t h e r INS study of Co 2(C0)g OCgD^ might enable more p o s i t i v e i d e n t i f i c a t i o n s 
to be made on the basis of d e u t e r a t i o n s h i f t s , e s p e c i a l l y valuable i n t h i s 
case where mixing probably causes discrepancies between p r e d i c t e d and 
observed i n t e n s i t i e s , , 
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lia„5(Xv) Plane view of the C„H - Co system showing the d e f i n i t i o n 
o f the angle of r o t a t i o n 9. 
To the best of our knowledge, no NMR measurements have been made of 
tne h e i g h t o f the b a r r i e r t o r o t a t i o n of C K i n the complex Co (CO) 0C oH o, 
nor i s t h e r e a model o f the p o t e n t i a l f u n c t i o n (V( 6 ) ) as i n the case of 
21 
the p l atinum-ethylene square planar complexes „ Consequently, the s i m p l e s t 
model f o r V ( 9 ) w i l l be used i n the c a l c u l a t i o n o f b a r r i e r h e i g h t . 
The symmetry o f the acetylene molecule r e q u i r e s t h a t the b a r r i e r be 
encountered t w i c e upon r o t a t i o n through 277 „ Therefore, from Chapter I I , 
the p o t e n t i a l f u n c t i o n may be expressed as a F o u r i e r cosine s e r i e s ; 
V <» V 
V(9) = -y + £ ~ cos n6 
n = l 
The COg(C0)g s P e c i e s i t s e l f has a Cg symmetry axis running through 
the centre of the Cobalt-Cobalt bond (and thence through the centre of the 
C=C bond of the acetylene molecule). Thus V(9) = V(tr-G), and so odd terms 
i n n9 must cancel, the equation becoming: 
V « V 
V(9) = -£ + z - l n c o s 2n9 2 i 2 n = l 
G e n e r a l l y , i t i s b e l i e v e d t o be a good approximation t o i g n o r e second 
22 
terms i n the cosine expansion "*„ and hence may be obtained the form: 
223. 
V(9) = ~ ( 1 " cos 26) 
This p o t e n t i a l f u n c t i o n has no metastable w e l l , but has a minimum 
at G^O0^ and a maximum when the C=C axis l i e s p a r a l l e l t o the Co-Co a x i s , 
The second d e r i v a t i v e w i t h respect t o 9 of the above equation i s 
equal t o the f o r c e constant, k„ Therefore s u b s t i t u t i o n f o r k i n the 




l 2 I R y 
Table 5,7 shows the values obtained f o r the p o t e n t i a l b a r r i e r t o 
r o t a t i o n o f C 2H 2 i n the complex Co 2(CO) g . C ?H 2 c a l c u l a t e d using the High 
B a r r i e r Approximation, The v a l i d i t y of t h i s treatment may be seen w i t h 
respect t o b a r r i e r s c a l c u l a t e d (from T-O-F data measured at 88K) employing 
23 
successive terms of the Das approximation : 
F i r s t Approximation : 
Second Approximation : 
Th i r d Approximation : 
59 305 kJ mol" 1 (Equivalent to the High B a r r i e r 
Approximation: Chapter I I ) 
60,217 kJ m o l _ 1 
60,224 kJ mol 
Table 5,7 The B a r r i e r t o the Rot a t i o n of Acetylene i n the 
Complex Co 2(C0) G ,CC,H2 









APPENDIX: S t r u c t u r a l Data used i n the C a l c u l a t i o n of Reduced Moment of I n e r t i a 
The c r y s t a l structure of Co^CO^. CgH,, has not been determined. The 
reducod moment of i n e r t i a of the complex ™ as therefor© been calculated 
R 
on the basis of ths X-ray d i f f r a c t i o n study of Co. (CO),,, PhC„ Ph* , but with 
I D ^ 
the additional assumptions that r = 1. 
CH 
and < CCH = 120° ( a f t e r I w a s h i t a 1 2 ) , 
Co 
The co-ordinates of C H and Co (CO) „ C H r e s u l t i n g from the above 
model are l i s t e d below: 






Cx O.OOO Cx O.OOO 
y-0.694 y+0.694 
z+0.072 z+0.072 
C ° 2 ( C O ) 6 ^ H 2 : 










y O.OOO y COCO 
z-0.116 z-0.116 
Cx-2.538 Cx-2.030 C::+2.030 Ox-;-2.5S3 
y+2.299 y+1.350 y+1.350 y+2.299 
a-1.444 z-0.896 z-0.896 s-1.444 
0x-2«588 Cx-2.030 
y O.COO y 0.000 
z+2.539 z+1.443 
Cx+2.030 Ox+2.588 
y 0.000 y O.COO 
z+1.443 z+2.539 
Ox-2.508 Cx-2.030 Cx+2.030 Ox+2.588 
y-2.299 y-1.350 y-1.350 y-2.299 
z-1.444 z-0.896 z-0.896 z-1,444 
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CHAPTER VI 
THE SILVER-EXCHANGED TYPE A ZEOLITE-ETHYLENE ADSORPTION SYSTEM 
A„ Background 
1„ I n t r o d u c t i on 
1 2 
Z e o l i t e s '', as they n a t u r a l l y occur, or as synthesised, are hydrated 
a l u m i n o o i l i c a t e s of elements of groups one and two„ Their s t r u c t u r e i s 
based upon an assemblage of AIO^ and Si0^ tetrahedra l i n k e d together by the 
sharing of a l l oxygens so as to form an i n f i n i t e three-dimensional framework. 
This framework i s an "open s t r u c t u r e " , i n tha t i t contains channels and 
interconnected voids, which may be occupied by water molecules and by the 
cations necessary f o r e l e c t r i c a l n e u t r a l i t y when an aluminium atom i s 
s u b s t i t u t e d f o r a s i l i c o n atom. Both water molecules and cations have 
considerable freedom of movement. Hence the l a t t e r g e n e r a l l y may be 
exchanged to varying degrees by other c a t i o n s . S i m i l a r l y , i n many z e o l i t e s 
i n t r a - c r y s t a l l i n e water may be removed continuously and r e v e r s i b l y , although 
i n o t hers, dehydration causes s t r u c t u r a l damage t o the framework. I t i s 
only t o the former, t h a t i s those which remain s t r u c t u r a l l y i n t a c t upon 
complete dehydration, t h a t the t i t l e "Molecular Sieves" should be a p p l i e d . 
The chemical formula of a z e o l i t e , i n terras of one c r y s t a l l o g r a p h i c 
1 
u n i t c e l l i s : 
M [(AID.) ( S i O j ].wH.O x/ 2 x 2 y J 2 ' n J 
where M i s a c a t i o n of valence n 
w i s the number of water molecules 
[ ] denotes the framework composition 
The r a t i o y/x u s u a l l y has a value between 1 and 5 dependent upon the 
act u a l s t r u c t u r e of the z e o l i t e , w h i l s t the sum x+y i s the t o t a l number of 
tetrahedra i n the u n i t cell''*. 
A l l t o l d , there are 34 n a t u r a l l y o c c u r r i n g z e o l i t e minerals and 
1 
approximately ICO s y n t h e t i c types : tha t chosen f o r i n v e s t i g a t i o n i n t h i s 
227. 
work was type A 0 I t s s t r u c t u r e w i l l be described below w i t h reference t o 
the fundamental"building block" of which i t i s composed, the s o d a l i t e u n i t , 
and the s t r u c t u r e of type 13X z e o l i t e which has been the subject of previous 
3-6 
INS studies i n v o l v i n g adsorbed species 
2. General S t r u c t u r a l Considerations 
a) S o d a l i t e 
7-9 
The S o d a l i t e u n i t i s a truncated octahedron or "14-hedron" 
(8 hexagonal faces and 6 square faces) formed of 24 ( A l , S i ) atoms, present 
as v e r t i c e s , interconnected by 36 oxygen atoms„ 
I t should be noted t h a t the mineral s o d a l i t e ( d i a < , 6 ( i ) ) , where the 
truncated octahedra share both square and hexagonal faces, i s not i t s e l f a 
z e o l i te 0 
b) Linde Type 4A Z e o l i t e 
7-14 
Linde type 4A z e o l i t e (Na A) possesses a pseudo u n i t c e l l of 
composition,, Na, 0 [(A10 ) (SiQ ) ] 027H_0, which displays cubic symmetry 
( u n i t c e l l dimension = 12 032S 1 4)„ The d e s c r i p t i o n "pseudo u n i t c e l l " 
derives from the i d e a l i s e d high symmetry s t r u c t u r e (Pm3m) which r e s u l t s i f 
framework s i l i c o n and aluminium atoms are not d i f f e r e n t i a t e d 1 . I n f a c t , 
the " r e a l s t r u c t u r e " contains an ordered arrangement of s t r i c t l y a l t e r n a t i n g 
SiO^ and AlO^ t e t r a h e d r a , which causes the cubic c e l l constant t o be doubled 
and the maximum possible symmetry to be lowered (Fm3c)„ I t f o l l o w s , t h e r e f o r e , 
t h a t the " r e a l " u n i t c e l l of type A z e o l i t e contains e i g h t formula u n i t s of 
composition, Nan „[ A l n „Si_ „0. o 1 „27H 00 0 However, i n common w i t h most authors, 
the d e s c r i p t i o n of type A z e o l i t e s t r u c t u r e s w i t h i n t h i s work w i l l be based 
upon the concept of the pseudo cell„ 
I n Na^A z e o l i t e (dia„6(i)), the s o d a l i t e u n i t s are l i n k e d together 
by f o u r b r i d g i n g oxygen atoms across square faces of the truncated octrahedra. 
An almost s p h e r i c a l i n t e r n a l c a v i t y 11 04^ i n diameter i s thereby formed 
15 







Dia„6(i) P i c t o r i a l Representation of the A l u m i n o s i l i c a t e Frameworks of 
Soc i a l i t e , Type A Z e o l i t e and Type 13X Z e o l i t e a f t e r Venuto and 
Landis „ 7 
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jBMLg JgoJ;\ ::,r:fj.?.-:^ .gias W i t h i n Typ© AiZ©olit© 
Daaijgnation Number 
I n an 8 - r i n g SI 1 
Adjaeoimt t o an. 8 - r i n g , 
hut cblsraXseod i n t o a 
SG-SIOCIS'OR/'C ©" cag®) 
s i 
> 3 per pseudo u n i t c©ll 
i l a a 6-ring S2 
Adjne<?>!rat t o a 6-r i n g , but 
dispIscnrJl I n t o a 26-h©dron 
( cr.go ) 
* 
S2 > 8 per pseudo u n i t c e l l 
Adjacent t o £3 6 - r i n g , but 
displaced i n t o a s o d a l i t e 
( 0) cage 
S2' 
Against a 4-jrio.g forming 
one of the r i b s o f a 26-
hedron (& cag©) 
S3 12 per pseudo u n i t c e l l 
I n th© contra o f s Sodalit© 
( $ ) cage SU 1 per pseudo u n i t c e l l 
I n the centre of a 26-h©dron 
(© cag©) S4 1 por pQOudo u n i t c e l l 
A 26~hadron of. Typo I ( o r a cage), such as i a pr©s©nt i n 
Gyps A zG0.15,t©5 c o n s i s t s oi o i g h t 6-rings, s i s Springs and 
twoAv© 4-rangs„ 
I n typ® A z3©lito, a " 4 - r t n g " ait© corr@sponclo t o ©n© o f th© 
Hour fscoo orxh tho euboidn liiraMng adjacent s e d a l i t G 
u n i t e poflooosos ©poa&ag i n t o a 2S-h©dron ( or cag«)„ 
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through s i x approximately c i r c u l a r windows 4,2$ i n diameter, the circumferences 
of which contain e i g h t oxygen atoms and are hence known as "8-rings"„ A 
second set of voids ( jS cages: 6,6$ i n diameter) i s contained w i t h i n the 
s o d a l i t e u n i t s themselves„ These interconnect w i t h the a cages through 
d i s t o r t e d " 6 - r i n g s " of oxygen atoms 2,2$ i n diameter. There may, t h e r e f o r e , 
be considered to be two i n t e r c o n n e c t i n g pore systems, one of diameter 11.4$ 
w i t h 4,2$ c o n s t r i c t i o n s , and the other of a l t e r n a t e 11.4$ and 6,6$ c a v i t i e s 
separated by 2,2$ c o n s t r i c t i o n s . 
The possible c a t i o n p o s i t i o n s w i t h i n type A z e o l i t e s (derived from the 
15 
c l a s s i f i c a t i o n system of Barrer ) are shown i n Table 6.1„ The nomenclature 
defined t h e r e i n w i l l be t h a t adopted i n the remainder of t h i s t e x t . 
The a c t u a l p o s i t i o n and d i s t r i b u t i o n of cations w i t h i n the z e o l i t e 
l a t t i c e i s obviously dependent upon a number of f a c t o r s , e.g. 
a) the A l / S i r a t i o 
b) the i o n i c radius of the c a t i o n 
c) the charge on the c a t i o n 
d) the s t a t e of hydration/complexation of the c a t i o n 
I t i s reasonable, t h e r e f o r e , t h a t those p o s i t i o n s most favourable t o 
the c a t i o n under c o n s i d e r a t i o n w i l l f i l l f i r s t , and subsequently any remaining 
cations w i l l occupy s i t e s i n order of i n c r e a s i n g unsuitability„ 
Several X-ray s t r u c t u r a l determinations based upon powder data have been 
14 16-18 
published of hydrated Ma A z e o l i t e ' „ w h i l s t s i n g l e c r y s t a l work has 
19 
c a r r i e d out by Gramlich and Meier 
I n the s i n g l e c r y s t a l study, i t was found t h a t e i g h t sodium ions 
occupied p o s i t i o n s on t h r e e - f o l d axes near the centre of 6-rings (S2 ). 
Each was t e t r a h e d r a l l y co-ordinated by four nearest neighbours; three 
oxygen atoms of the 6-ring and one water molecule. The remaining four 
sodium ions could not be located w i t h c e r t a i n t y . However, three of these 
were thought to be adjacent t o 8-rings (SI ), w i t h the t w e l f t h , probably 
e n t i r e l y hydrated, near the centre of the large c a v i t y (S4)„ 
231. 
S i n g l e c r y s t a l a n a l y s e s of dehydrated Na^A z e o l i t e have been p u b l i s h e d 
20 21 22 by Smith and Dowell „ Yanagida e t a l . and Subraraanian and S e f f 0 The 
l a t t e r two d e t e r m i n a t i o n s again l o c a t e d e i g h t sodium i o n s on t h r e e - f o l d axes 
near the c e n t r e of 6-rings ( S 2 ^ ) , although the displacement of the sodium 
i o n s i n t o the a cage was not found to be as l a r g e as i n the hydrated c a s e , 
A f u r t h e r t h r e e sodium ions occupied p o s i t i o n s i n the plane of 8 - r i n g s ( S I ) , 
but o f f c e n t r e , making c l o s e s t approach to only three oxygen atoms„ (As a 
r e s u l t of the longer and l e s s symmetrical approaches made to the framework by 
the S I c a t i o n s , these s i t e s are e n e r g e t i c a l l y l e s s favourable than the 6-ring 
(S2 ) l o c a t i o n s . ) The f i n a l sodium i o n , found on a two-fold a x i s normal to a 
4 - r i n g w i t h i n the a cage ( S 3 ) , i s s t a t i s t i c a l l y d i s t r i b u t e d Over twelve e q u i v a l e n t 
s i t e s . Compared w i t h the occupants of the other c a t i o n p o s i t o n s , the S3 i o n not 
only makes a c l o s e r approach to surrounding sodium i o n s , but i s a l s o s i t u a t e d 
f u r t h e r from framework oxygen atoms. The S3 s i t e i s t h e r e f o r e the l e a s t 
favoured c a t i o n location,, (A s t e r e o s c o p i c r e p r e s e n t a t i o n of the s t r u c t u r e of 
22 
dehydrated Na „A z e o l i t e a f t e r Subramanian and S e f f i s f e a t u r e d i n dia„6(ii) 0) 
03 
0 NA3 HL 




Dia„6(ii) S t e r e o v i e w of Dehydrated Na A Z e o l i t e ( a f t e r Subramanian and S e f f ) JL & 
if The c a t i o n p o s i t i o n s Nal, Na2 and Na3 correspond to those denoted S2 , 












Dia„6(iii) C a t i o n P o s i t i o n s i n F a u j a s i t e s 
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TA5FW? Q0?, CatXjsrn^h^cpt±©ns_in Ty]g®13XZ ©elite 
d r i f t s i o n 1 D e s i g n a t i o n 
In th© comfexo of a 
ifosssagsaa?.. ©jrr.ssa l i n k i n g 
a d j a e o a t sodnT.ltG ( § ) 
eag©3 
( 0 ) 
cago 
a d j a c e n t t© a hoxagonal 
l a th© c©ntr© of a scdsJ.it© 
( (S ) cage 
I n o 6--ring l i n k i n g a aodalit© 
{ ft ) ear^o and a SS-foadsron/ 
(swparcag© ) 
W@ar a S-rirag ©f sit© Els but 
d i s p l a c e d i n i o the s o d a l i t o 
( $ ) ceg© 
Near a 6 - r i n g o f s i t e I I S 
d i s p l a c e d i n t o th© 26-hedron 
(supsjrcrago) 
A g a i n s t a 4 - r i n g f o r c i n g 
one o f f.h© " r i b s " o f a 
( o u p s r c a g o ) 
Xth the con tire o£ a 23~hotiffOn 
(sujssreag© ) 
Ira a 312-ring o f . a 2(3-hod iron 
I I 
I I ' 
I I 
I I I 
Number 
16 per u n i t c e l l 
32 per u n i t c e l l 
8 par u n i t c @ l l 
> 32 per u n i t c e l l 
48 per u n i t c e l l 
8 p a r u n i t c e l l 
I® ps>F u n i t c©ll 
15 
A 2®-h0drfO!iii of Typo IX ( o r 3upoj?cago) ( s u c h as i s pr o s o n t i n typ® 
!3X x o o l i t o 0 c o n s i n t o off o i g h t 6 - s i n g s , s i x 5,2-rings and twolv® of 
tho a,^ j?oj.cf.!35i§®.\y fiquajfc? tfaeos of fcho hexagonal p r i a a s which l i n k 
n djreORt ncdlalif.-c; u n i t u 0 
a t o ©0© of th© squar© A "-S-srliag 5 ait© i n typo 131 a o o l i t Q coriros] 
foean <a£ a o e d a l i t o u n i t (14-hodron)„ 
234. 
21-3 
I n v a r i o u s s t r u c t u r a l i n v e s t i g a t i o n s , the e f f e c t of dehydration 
upon the Na A z e o l i t e has been shown to cause a decre a s e i n the u n i t c e l l 
22 
dimension: the most r e c e n t e s t i m a t e of the dehydrated value i s 12„292A\ 
c) L i n d e Type 13X Z e o l i t e 
7 9-12 Type 13X z e o l i t e 5 has a u n i t c e l l composition of 
N a 8 6 [ ( A l O 2 ) 8 6 ( S i O 2 ) 1 O 6 ] „ 2 6 4 H 2 0 and l i k e type A z e o l i t e d i s p l a y s c u b i c 
symmetry. I n t h i s case, though, the s o d a l i t e u n i t s (p3 cages) are l i n k e d by 6 b r i d g i n g 
oxygen atoms a c r o s s hexagonal f a c e s , so t h a t a t e t r a h e d r a l (diamond-like) 
24-7 
arrangement i s produced (dia„6(i))„ The r e s u l t a n t s t r u c t u r e i s very 
open w i t h huge (12A" d i a m e t e r ) almost s p h e r i c a l c a v i t i e s (supercages or 26-
15 
hedra of Type I I ) , each of which i s surrounded t e t r a h e d r a l l y by four s i m i l a r 
c a v i t i e s s e p a rated one from another by c o n s t r i c t i o n s 8-9A* i n diameter, formed 
by d i s t o r t e d " 1 2 - r i n g s " of oxygen atoms,, Indeed, type 13X z e o l i t e has the 
l a r g e s t void space of any known z e o l i t e , amounting to about 51% on dehydration. 
The p o s s i b l e c a t i o n p o s i t i o n s w i t h i n type 13X z e o l i t e ( d e r i v e d from the 
15 
c l a s s i f i c a t i o n system of B a r r e r ) are l i s t e d i n Table 6.2 and i l l u s t r a t e d 
i n dia„6(iii)„ The nomenclature defined t h e r e i n w i l l be t h a t adopted i n 
the remainder of the t e x t . 
The d i s t r i b u t i o n of c a t i o n s i t e s found f o r sodium type 13X (Nal3X) 
z e o l i t e of u n i t c e l l composition N a 8 0 ^ A 1 ° 2 ^ 0 ^ S J L ° 2 ^ 1 1 2 ^ ' 3 n d d e h v d r a t e d 
potassium type 13X (K13X) z e o l i t e of u n i t c e l l composition 
27 
K g g 5 [ ( A 1 0 ) 5 ( S 1 0 2 ) 1 0 5 5^ i S d i s P l a v e d i n Table 6,3, 
Table 6„3 C a t i o n D i s t r i b u t i o n s i n Nal3X and K13X Z e o l i t e s S i n e Number A v a i l a b l e 
0 ccupancy 
Nal3X* K13X 
y 16 4 9.2 
I' 32 32 13 06 
I I 32 32 25„6 
I I I 48 4 38„2 
Not a l l of the c a t i o n s were l o c a t e d 
235. 
27 I t has been found , and may be seen from Table 6.3, that l a r g e 
c a t i o n s (e =g„K +) tend to f i l l more type I I I s i t e s , and fewer type I ' 
s i t e s , than do sodium ions„ The volumetric and g r a v i m e t r i c f i n d i n g s 
28 
of Yates f o r ethylene adsorbed on Agl3X may be taken to i l l u s t r a t e 
t h i s trend, w i t h two adsorption s i t e s being l o c a t e d i n approximately 
equal numbers which must correspond to p o s i t i o n s I I and I I I (as s i t e s 
I and I 1 are i n a c c e s s i b l e to most organic molecules),, 
3 0 S i l v e r Ion Exchange with Linde Type 4A Z e o l i t e 
Almost t o t a l replacement of the sodium ions i n Linde type 4A (Na A) 
z e o l i t e by s i l v e r i o n s may be accomplished by repeated ion-exchange 
employing a 0„2M s o l u t i o n of AgNO^ ( c o n t a i n i n g the exact equivalence of the 
o 14 
sodium ions to be exchanged) and a temperature of 25 C, 
On tho b a s i s of i n v e s t i g a t i o n s which had shown s i l v e r ions to take 
up the same p o s i t i o n s i n hydrated s i l v e r - e x c h a n g e d type A ( Ag^A) z e o l i t e 
29 
as those occupied by sodium ions i n Na A z e o l i t e , X-ray i n t e n s i t y 
measurements were used to f o l l o w the exchange process of s i l v e r ions f o r sodium 
30-32 
io n s „ These i n d i c a t e d t h a t the f i r s t sodium i o n replaced was that 
a d j a c e n t to the 4 - r i n g of oxygen atoms (exchange=l/12), followed by the 
e i g h t sodium ions near the c e n t r e of the 6-rings (exchange = 1/12 -o 9/12), 
and u l t i m a t e l y the three sodium ions at or near the c e n t r e of the 8-rings 
(exchange=9/12 -> 12/12) „ Confirmation of the above order was i n f e r r e d from 
adso r p t i o n measurements c a r r i e d out at the same time u3ing ethane on 
v a r i o u s l y exchanged samples of (Ag, Na).^A z e o l i t e a c t i v a t e d at 250°C and 
-3 
10 mm pressure„ These demonstrated that replacement of sodium by s i l v e r 
i o n s caused no r e d u c t i o n i n ethane adsorption up to about 80% exchange, 
but t h a t exchange above t h i s v alue caused the amount adsorbed to decrease 
u n t i l , a t complete exchange, the diminution was to about one-half„ The 
f a c t o r c o n t r o l l i n g a dsorption may be regarded as the c o n s t r i c t i o n at the 
8 - r i n g of oxygen atoms through which molecules must pass i n order to be 
236. 
adsorbed on the i n t e r n a l s u r f a c e of the zeolite„ Consequently, ions 
occupying the 8-ring s i t e s w i l l reduce the e f f e c t i v e pore s i z e i f they 
possess an i o n i c r a d i u s g r e a t e r than that of sodium, and hence a d s o p r t i o n 
w i l l p r o g r e s s i v e l y decrease on exchange. 
4. C r y s t a l l i n e and Thermal P r o p e r t i e s of Type A Z e o l i t e 
33 
Thomas e t a l . , by water adsorption c a p a c i t y measurements and X-ray 
d i f f r a c t i o n s t u d i e s , showed the thermal t r a n s f o r m a t i o n of Na^A z e o l i t e 
to begin a t 550°C, so t h a t above 670°C the z e o l i t e ceased to be a s i n g l e 
phase. 
The c r y s t a l l i n i t y of v a r i o u s l y s i l v e r - e x c h a n g e d type A z e o l i t e s 
34-6 
has a l s o been s t u d i e d , the former two i n v e s t i g a t i o n s i n the l i g h t of 
14 37 
previous r e p o r t s of the comparative s t a b i l i t y of Ag A z e o l i t e 
I t was f o u n d " ^ ' ^ t h a t the i n t e n s i t i e s of s e l e c t e d X-ray powder r e f l e c t i o n s 
(hydrated s t a t e ) decreased with i n c r e a s i n g s i l v e r exchange. However, t h i s 
was a s c r i b e d to i n t e r f e r e n c e r e s u l t i n g from the high s c a t t e r i n g power f o r 
X-rays d i s p l a y e d by s i l v e r , r a t h e r than a breakdown of c r y s t a l l i n i t y w i t h 
exchange. Support f o r t h i s c o n c l u s i o n was obtained by re-exchanging a 
sample of Ag A z e o l i t e using NaNO s o l u t i o n and f i n d i n g peak i n t e n s i t i e s 
J. £ o 
s i m i l a r to the o r i g i n a l Na^A. 
Consi d e r i n g now the thermal p r o p e r t i e s of type A z e o l i t e , Evolved Gas 
38 39 
A n a l y s i s (EGA) and D i f f e r e n t i a l Scanning C a l o r i m e t r y (DSC) ' s t u d i e s 
of Na^A z e o l i t e have i n d i c a t e d the presence of three p r o c e s s e s , o c c u r r i n g 
a t temperatures of 370-400°C, 42C~420°C and 540-600°C. These have been 
e x p l a i n e d as the r e s p e c t i v e "removal of water i n s o l v a t i n g p o l y l a y e r w i t h 
counterions", water bound to oxygen of the a l u m i n o s i l i c a t e framework i n 0/ 
cages, and water hydrogen bonded i n /$ cages. 
P e r t a i n i n g more to the work of t h i s t h e s i s , D i f f e r e n t i a l Thermal A n a l y s i s 
(DTA) measurements have been performed on (Na,Ag) A z e o l i t e at v a r i o u s 
34.35 o degrees of exchange . An endothermal e f f e c t was seen between 130 C 
and 230°C (corresponding to dehydration), and two higher temperature 
237. 
o o 
exothermal f e a t u r e s observed i n the 600 C to 910 C r e g i o n . The lower 
o o 
temperature exothermal e f f e c t s h i f t e d from 780 C to 560 C on exchange 
from Na^gA to A g ^ z e o l i t e , and was considered to r e s u l t from l o s s of 
s t r u c t u r e . (A c o n c l u s i o n which may a l s o be reached from a Thermal 
G r a v i m e t r i c A n a l y s i s (TGA) study c a r r i e d out by Banerjee on f u l l y s i l v e r -
40 34 35 exchanged type A z e o l i t e " .) A d d i t i o n a l X-ray measurements ' confirmed 
these f i n d i n g s , proving Ag^k z e o l i t e to be s t r u c t u r a l l y s t a b l e up to the 
o 
temperature of the lower exothermal e f f e c t (~ 600 C ) , but transformed i n t o 
o 
an amorphous phase at about 700 C. The higher temperature exothermal 
e f f e c t was consequently taken to r e p r e s e n t the reported r e c r y s t a l l i s a t i o n 
14 
of Ag A z e o l i t e i n t o a /? c r y s t o b a l i t e s t r u c t u r e 
34 35 
Determination of the s p e c i f i c s u r f a c e area of (Ag,Na) A z e o l i t e ' , 
by a d s o r p t i o n of oxygen on samples s u b j e c t e d to v a r i o u s temperatures, 
showed th a t some degradation of the z e o l i t e s t r u c t u r e did, i n f a c t , o c c u r 
o 
below 600 C, the amount being dependent upon the degree of exchange of 
s i l v e r f o r sodium. However, as t h i s was not e v i d e n t from the DTA curves, 
41 
the e f f e c t was f e l t to be s m a l l , confirming the f i n d i n g s of Giordano ( a l s o 
from DTA measurements), t h a t there was n e g l i g i b l e s t r u c t u r a l damage caused 
to Ag^gA z e o l i t e by c a l c i n a t i o n at 400°C, and r e d u c t i o n with hydrogen at 
o 
250 C. As a r e s u l t of t h e i r i n v e s t i g a t i o n s , i t was concluded by Matsumoto 
35 
e t a l . t h a t Ag^A z e o l i t e was s t r u c t u r a l l y l e s s s t a b l e w i t h r e s p e c t to 
temperature than Na A z e o l i t e , and the f o l l o w i n g scheme was suggested to 
e x p l a i n the observed e f f e c t s : 
A Ag(H 0) - Z e o l i t e {Ag(OH) - Z + AgO - Z + H - Z} 2 n m x 
A =£. AgO — Z + amorphous phase x 
I I I 
I n the above process, the combined e f f e c t of the p o l a r i s i n g power of 
the s i l v e r i o n and the a p p l i c a t i o n of heat i s to cause d i s s o c i a t i o n of 
water molecules complexed to the s i l v e r i o n ( I ) . The co-ordinated hydroxyl 
groups thus formed ( I I ) may, i n turn, be cleaved l e a d i n g to the formation 
238. 
of s i l v e r oxide ( I I I ) . Meanwhile, the protons which have been r e l e a s e d 
by these two p r o c e s s e s bond to oxygen atoms of the z e o l i t e framework 
forming s t r u c t u r a l hydroxyl groups ( I V ) . Subsequent dehydration of the 
l a t t e r a t higher temperature then causes breakdown of the z e o l i t e l a t t i c e 
producing the f i r s t exothermic e f f e c t . On the b a s i s of t h i s scheme, 
the lower temperature s t a b i l i t y of s i l v e r - e x c h a n g e d A z e o l i t e may be explained 
as r e s u l t i n g from the g r e a t e r p o l a r i s i n g power of the s i l v e r i o n compared 
wi t h the sodium i o n . 
Dehydration under vacuum causes Ag^A z e o l i t e to change c o l o u r 
d r a m a t i c a l l y from pa l e grey to deep orange. T h i s i s a r e v e r s i b l e process: 
Ag A becomes b r i g h t yellow i f allowed to cool i n a i r , and u l t i m a t e l y r e t u r n s 
to i t s i n i t i a l p a l e grey s t a t e on more prolonged exposure to a i r a t room 
temperature. These colour changes are thought to o r i g i n a t e from a l t e r a t i o n 
35 
of the l i g a n d s surrounding s i l v e r i o n s . Considering the three complexes 
35 
p o s t u l a t e d i n the dehydration scheme ( I , I I and I I I ) , i t i s suggested 
that a c c o r d i n g to the s p e c t r o c h e m i c a l s e r i e s , the absorption spectrum of 
Ag i n I I should s h i f t to a longer wavelength compared with I , t h a t i s , from 
the u l t r a v i o l e t to the v i s i b l e spectrum. S i m i l a r s h i f t s are expected f o r 
complex I I I , and hence the colour changes observed on dehydration. 
5. X-ray I n v e s t i g a t i o n s of Type A Z e o l i t e s and of Adsorbed S p e c i e s 
14 16-22 42 
As w e l l as those s t u d i e s d e t a i l e d p r e v i o u s l y " ' ' , c r y s t a l 
s t r u c t u r e s of the f o l l o w i n g exchanged type A z e o l i t e s have been published: 
K , / 3 ' 4 4 , T 1 1 2 A 4 5 ' 4 6 < 6 ° , R b n N a A 4 7 ' 4 8 , C s ^ A 4 9 , C s ^ A 4 4 , 
<V51'60' SV51' C d 9 . 5 C V ° H ) 3 A 5 2 ' E U 5 „ 7 5 N V 5 A 5 3 ' ^ a / 4 ' 5 5 , M ^ N a / 5 " 
55 58 59 65 55 Co Na A s ' ! and Ni Na A. P e r t a i n i n g more to t h i s t h e s i s i s a 
s e r i e s of determinations which have d e a l t with the e f f e c t of v a r i o u s 
60-64 
dehydration and thermal treatments of Ag gA z e o l i t e 
X-ray d i f f r a t i o n s t u d i e s of a d s o r p t i o n systems have i n c l u d e d : 0 on 
S5 66 67 68 69 Eu. ,Na Q ; CO on Co.Na.A ; S„ on Na, 0A ; C l on Ag A , Eu NaA 4.5 3 4 4 8 12 2 12 5.5 
7 0 71 72 73 74 75 and Co 4Na 4A ; Br„ on Na A and Ag A ; I„ on Co. Na A ; NH on Na A ' ^ •* ^ J.2 z "c 4 3 \2 
239. 
7 f\ 77 78 and Ag 1 2A and cyclopropane on CX>4Na4A and Mn^Na^A . Again d i r e c t l y 
r e l e v a n t to the work c a r r i e d out here, have been the i n v e s t i g a t i o n s of C 2 H 2 
adsorbed on N a ^ A ^ ' ^ , Mn4 5 N a 3 A 8 0 ' 8 1 and Co 4Na 4A 8 1; and of C 2H 4 adsorbed 
ft 2 83 on Ag 1 0A and Co Na A . °12 4 4 
a) The S t r u c t u r e of Ag^A Z e o l i t e 
S i n g l e c r y s t a l measurements of f u l l y hydrated Ag^A z e o l i t e 
60„61 
( u n i t c e l l dimension = 12.288A) have shown the c a t i o n s to be d i s t r i b u t e d 
over three p o s i t i o n s w i t h i n the framework (Table 6.4). E i g h t s i l v e r ions 
were l o c a t e d on t h r e e - f o l d axes near 6-rings;of these, f i v e were r e c e s s e d 
i n t o the l a r g e ( fv) c a v i t y (S2" ) and i n c o - o r d i n a t i o n w i t h a t l e a s t one 
water molecule, and the three remaining d i s p l a c e d i n t o the s o d a l i t e ( cage 
(S2 ' ) w i t h three water molecules bridging between them. A f u r t h e r three 
s i l v e r ions were a s s o c i a t e d with 8 - r i n g s , but o f f - c e n t r e (making c l o s e s t 
approach to only three oxygen atoms) and d i s p l a c e d i n t o the a cage ( S I ) . 
The f i n a l c a t i o n was found placed w i t h i n the l a r g e c a v i t y opposite a 4 - r i n g 
(S3)„ As a r e s u l t of the low o v e r a l l symmetry of the s i l v e r ions i n the a 
c a v i t y many water p o s i t i o n s e x i s t with low occupancies, and hence no d e f i n i t e 
p o s i t i o n s or occupancies could be determined. 
Table 6.4 The D i s t r i b u t i o n of Cations i n F u l l y Hydrated and P a r t i a l l y 
Dehydrated Ag^A z e o l i t e 
C a t i o n S i t e Occupation i n F u l l y Occupation i n P a r t i a l l y 
Hydrated Ag^A Z e o l i t e Dehydrated A S 1 2 A Z e o l i t e 
S I 1 
S I * 3 2 
S2' 3 
S2' 3 2 
S2 
S2* 5 3 
S3 1 1 
P o s i t i o n defined w i t h i n the s e c t i o n of the t e x t r e l a t i n g to the s t r u c t u r e 
of p a r t i a l l y hydrated Ag^A z e o l i t e . 
240. 
61 A p a r t i a l l y hydrated c r y s t a l of Ag A z e o l i t e ( u n i t c e l l dimension = 
x & o o 12.2Q6A) was produced by heating at 200 C i n a stream of 0^ for 12 hours, 
o -5 
and then evacuating a t 350 C and 10 Torr f o r 48 hours. Once again e i g h t 
s i l v e r ions were d i s t r i b u t e d over t h r e e - f o l d axes a s s o c i a t e d with 6 - r i n g s , 
I n t h i s case, three extended i n t o the a cage (S2 ), two were s i t u a t e d w i t h i n 
the s o d a l i t e u n i t ( 0 cage) 0.44A* from the p l a n e ( S 2 ' ) , and three w i t h i n the 
s o d a l i t e u n i t 1.19$ from the plane (a l o c a t i o n which w i l l be denoted S 2 ' ' ) . 
I n the f i r s t two p o s i t i o n s mentioned, the s i l v e r i o n i s t r i g o n a l l y co-ordinated 
to three of the 6-ring oxygen atoms; i n the l a t t e r , the three s i l v e r ions 
l i e r e l a t i v e l y f a r i n s i d e the s o d a l i t e c a v i t y arranged t r i a n g u l a r l y to 
maximise i n t e r c a t i o n i c d i s t a n c e s and bridged by three water molecules. The 
d i s t r i b u t i o n w i t h i n the s o d a l i t e u n i t may a l t e r n a t i v e l y be considered as 
three s i l v e r ions ( S 2 ' ' ) occupying s i t e s near three of four t e t r a h e d r a l l y 
placed 6-rings, w i t h two s i l v e r ions (S2') l o c a t e d i n p o s i t i o n s on opposite 
s i d e s of an o r i g i n . 
An a d d i t i o n a l three s i l v e r i o n s were found a d j a c e n t to 8 - r i n g s , but 
d i s p l a c e d o f f - c e n t r e (as i n the case of hydrated Ag^A z e o l i t e ) ; two 
of these occupied p o s i t i o n s where the c a t i o n was r e c e s s e d i n t o the a cage 
( S I ) , the t h i r d l a y w i t h i n the 8 - r i n g plane ( S I ) . The t w e l f t h s i l v e r ion 
was s t a t i s t i c a l l y d i v i d e d among twelve e q u i v a l e n t p o s i t i o n s corresponding 
to a two-fold a x i s opposite a 4 - r i n g (S3) . 
The s t r u c t u r a l evidence was considered c o n s i s t e n t w i t h the reported 
61 
r e s u l t s of Beyer (who found f o r s i m i l a r l y prepared Ag^A z e o l i t e t h a t 
only 70% of the s i l v e r ions could be reduced by a t 150°C), i f i t was 
assumed that the three i r r e d u c i b l e c a t i o n s were those hydrated s i l v e r i o n s 
s i t u a t e d f u r t h e s t w i t h i n the s o d a l i t e cage ( S 2 ' ' ) . The c o r o l l a r y of t h i s 
i s t h a t even vacuum dehydration a t 350°C i s i n s u f f i c i e n t to remove the water 
molecules w i t h i n the $ c a v i t y ( p o s s i b l y because each water molecule i s 
co-ordinated to two s i l v e r i o n s ) , and that the p a r t i a l l y hydrated Ag^A 
z e o l i t e i n v e s t i g a t e d corresponded to Ag A t r i h y d r a t e . 
241. 
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S e v e r a l a d d i t i o n a l s t u d i e s ' have been c a r r i e d out on s i n g l e 
c r y s t a l s s u b j e c t e d to more severe dehydration p r o c e s s e s e From these i t 
appears t h a t the e i g h t 6 - r i n g s i l v e r ions (S2 and S2' p o s i t i o n s of the f u l l y 
hydrated z e o l i t )occupy a r e l a t i v e l y s t a b l e environment, the e f f e c t of heat 
being only to b r i n g the ions c l o s e r to the c e n t r e of the 6 - r i n g s ; w h i l s t the 
l e s s e n e r g e t i c a l l y favoured 8 - r i n g ( S i " ) and 4 - r i n g s i l v e r i o n s ( S 3 ) are 
p r o g r e s s i v e l y reduced. The r e d u c t i o n of s i l v e r i o n s t h e r e f o r e proceeds 
to a maximum of four, which migrate i n t o the s o d a l i t e ( ft ) c a v i t i e s to form 
a suggested o c t a h e d r a l Agg m o l e c u l e * ^ 1 ^ a t p o s i t i o n SU (dia„6(iv))„ A complex 
of the formula ( A g + ) ( A g c ) may t h e r e f o r e be proposed i n which the Ag molecule 
i s e n c l o s e d by a "cube", the c o r n e r s of which correspond to the s t a b l e s i l v e r 
i o n s w i t h i n the c e n t r e of 6 - r i n g s ( S 2 ) ( d i a s . 6 ( v ) - ( v i i ) ) . 
d i a . 6 ( i v ) The O c t a h e d r a l Ag- Molecule d i a . 6 ( v ) The O c t a h e d r a l Ag^ Molecule. 
o o 
( a f t e r Kim and S e f f ^ ) S t a b l i s e d by Co-ordination to 
E i g h t 6-ring S i l v e r Ions (S2 ) 
63 
( a f t e r Kim and S e f f ) 
dia„S(vi) Stereoview of an Octahedral Ag„ Molecule S t a b l i s e d Within 
6 * a Cubic Arrangement of E i g h t S i l v e r Ions (S2 ) ( a f t e r Kim 
and S e f f 6 2 ' 6 3 ) 
z 4 s 
0. RCl PL 
2T r 02 
SI 
0! 
d i a . 6 ( v i i ) S t e r e o v i e w of the Large ( » ) C a v i t y of an I d e a l i s e d S t r u c t u r e 
of A g j A g ° I ^ 5 i 1 2 A l 1 2 0 4 7 ( a f t e r Kim and S e f f 6 3 ) . ( P o s i t i o n 
Agl corresponds to th a t denoted S2" w i t h i n the t e x t . ) 
243. 
I n t e r a c t i o n must be assumed to occur between the atoms of the Agg c l u s t e r s 
and four e q u i v a l e n t framework oxide ions, w i t h the s i l v e r atoms behaving 
as weak l e w i s a c i d s with r e s p e c t to the framework, a c c e p t i n g e l e c t r o n 
d e n s i t y and d e l o c a l i s i n g i t through c o - o r d i n a t i o n i n t e r a c t i o n onto the 
s i l v e r i o n s at the 6-rings„ Without t h i s s t a b i l i s a t i o n afforded the 
Agg molecule by the s i l v e r and oxide ions, the r e t e n t i o n of metal atoms 
w i t h i n the z e o l i t e s t r u c t u r e would be i m p o s s i b l e . 
63 
The f o l l o w i n g scheme has been suggested f o r s i l v e r ion r e d u c t i o n 
i n v o l v i n g i n i t i a l l y the r e s i d u a l water molecules found i n the s o d a l i t e ( @ ) 
o 61 
cages of p a r t i a l l y hydrated Ag 1 2A z e o l i t e a t about 350 C 
A g 3 ( H 2 0 ) 3 3 + -» Ag + + A g ? ( H 2 0 ) 2 + +2H 20 
followed by: 
A g 2 ( H 2 0 ) 2 + -» 2H + + 2Ag + h02 
which would be e q u i v a l e n t to the o v e r a l l c e l l r e a c t i o n : 
A g + 2 S i 1 2 A l i 2 0 4 8 „ 3H 20 AS2 A4 H2 S i12 A : i12 048 + % ° 2 + 2V 
A f t e r d e p l e t i o n of the supply of water molecules, a d d i t i o n a l s i l v e r 
ions must be reduced by framework oxide i o n s , causing the d i f f r a c t i o n p a t t e r n 
-5 o 
to d e t e r i o r a t e . E v a c u a t i o n to 10 Torr at 425 C f o r about ten days, 
t h e r e f o r e , l e a d s to a l l four s i l v e r atoms i n unfavourable s i t e s being reduced: 
A g ° A g + 0 H 2 S i 1 2 A l 1 2 0 4 8 - A g ° A g ^ H + S i 1 2 A l 1 2 0 4 7 + ^ 
I t i s obvious that the formation of Agg molecules s t a b l i s e d by 
e i g h t s i l v e r ions r e q u i r e s more s i l v e r atoms than are present i n the u n i t 
c e l l . There i s thus an occupancy of 2/3 of the s o d a l i t e u n i t s by Agg 
molecules w i t h the remaining 0 c a v i t i e s empty of a l l reduced s i l v e r i o n s . 
More severe c o n d i t i o n s s t i l l ( h e a t i n g above 450°C) are found to 
84 
give r i s e to the appearance of c r y s t a l l i t e s of s i l v e r , which r e s u l t from 
r e d u c t i o n proceeding to i n c l u d e 6-ring s i l v e r i o n s , thereby causing the 
d e s t a b i l l s a t i o n of the ( A g + ) g ( A g 6 > system i n some s o d a l i t e u n i t s . U l t i m a t e l y , 
the r e a c t i o n goes towards completion (475° and 10 ~* Torr pressure for 7 d a y s ) , 
244. 
the d i f f r a c t i o n p a t t e r n i n d i c a t i n g s i l v e r powder and moderately l a r g e s i l v e r 
c r y s t a l s to be p r e s e n t , and the framework to have broken down ( w i t h the c e l l 
c o n s t a n t d e c r e a s i n g from 12,295$ to 11,42A*), Under these c i r c u m s t a n c e s o n l y 
two s i l v e r i o n s and two s i l v e r atoms are thought to remain per u n i t c e l l , t h a t 
i s , ten out of twelve s i l v e r i o n s have been reduced. 
I n t e r e s t i n g evidence of the almost t o t a l r e v e r s i b i l i t y of the 
d e h y d r a t i o n scheme o u t l i n e d above has been a f f o r d e d by s t u d i e s of an A g ^ A 
64 
s i n g l e c r y s t a l s u b j e c t e d to the f o l l o w i n g treatment : 
( a ) Dehydration a t 250°C and 8 x 10 6 Torr f o r 16 hours 
(b ) Oxygenation by 100 Torr 0^ a t 400°C fo r 0,3 hour 
o -5 
( c ) Dehydration a t 400 C and 10 T o r r f o r 1 hour 
(d) Hydrogenation by 12 T o r r H 2 a t 330°C f o r 0,5 hour 
( e ) Re-oxygenation by 100 Torr 0^ a t 330°C f o r 1 hour 
The combination of dehydration ( s e e above) and the hydrogenation 
treatment caused complete l o s s of the z e o l i t e c r y s t a l l i n e d i f f r a c t i o n p a t t e r n 
and the appearance of l i n e s i n d i c a t i v e of s i l v e r metal. Oxygen treatment 
r e s t o r e d the z e o l i t e l a t t i c e d i f f r a c t i o n p a t t e r n and the s i l v e r was r e -
o x i d i s e d to a l i m i t of e l e v e n s i l v e r ions per u n i t c e l l . The f i n a l s t r u c t u r e 
determined showed e i g h t e q u i v a l e n t s i l v e r i o n s on t h r e e - f o l d axes near the 
c e n t r e s of 6 - r i n g s (S2" ), and t h r e e e q u i v a l e n t c a t i o n s i n the 8 - r i n g planes 
03 
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d i a , 6 ( v i i i ) S t ereoview of Ag^ A Z e o l i t e F o l l o w i n g S u b j e c t i o n to Various 
Treatments ( a f t e r " K i m and S e f f o 4 ) o ( S i t e s Agl and Ag3 i n 
the diagram correspond to those denoted S2* and S I w i t h i n the 
t e x t , ) 
245. 
but not a t t h e i r c e n t r e s ( S I ) . 0.56 s i l v e r atoms were l o c a t e d a t the 
n e u t r a l s i l v e r atom p o s i t i o n (SU) where Ag c l u s t e r s would be expected 
b 
to have formed ( i . e . 9% of the s o d a l i t e u n i t s held Ag g m o l e c u l e s ) , w h i l s t 
the remaining 0.44 atoms were found to have l e f t the c r y s t a l , presumably 
as the oxide. Confirmation of the r e l a t i v e s t a b i l i t i e s of the c a t i o n 
p o s i t i o n may t h e r e f o r e be seen w i t h the 6-ring and 8-ring s i t e s r e - f i l l i n g 
s e q u e n t i a l l y , but with the most unfavourable p o s i t i o n , the 4 - r i n g , remaining 
vacant ( d i a . 6 ( v i i i ) ) . 
b) S t r u c t u r a l I n v e s t i g a t i o n s of E t h y l e n e Adsorbed on Type A Z e o l i t e s 
A s t r u c t u r a l r e p o r t has been published of ethylene adsorbed 
82 
or p a r t i a l l y decomposed Ag^A z e o l i t e " . The s i n g l e c r y s t a l used was 
o -6 
dehydrated at 400 C and 5 x 10 Torr f o r 4 days and then exposed to 120 Torr of C J , gas a t 23°C. 2 4 
The temperature treatment of the c r y s t a l caused the formation of 
approximately 2.76 s i l v e r atoms per u n i t c e l l , which were b e l i e v e d , by 
62-4 
analogy w i t h previous s t u d i e s , to r e s u l t from the r e d u c t i o n of the 
4 - r i n g s i l v e r i o n , and 1.76 of the three 8 - r i n g c a t i o n s . On the assumption 
th a t these had formed n e u t r a l Ag„ molecules, i t was c a l c u l a t e d that 46% of 
o 
the u n i t c e l l s i n the c r y s t a l must c o n t a i n Ag„ molecules i n s o d a l i t e ( 8 ) 
b 
c a v i t i e s ( a t s i t e SU). 
C o n s i d e r i n g i n i t i a l l y t h i s 46% of u n i t c e l l s , s o r p t i o n of ethylene 
proved to have l i t t l e e f f e c t on the Ag^ c l u s t e r s with t h e i r numbers remaining 
constant, and t h e i r co-ordinates s c a r c e l y changing. There was, however, 
a change i n the number of co-ordinated 6-ring (S2 ) s i l v e r i o n s , from the 
a n t i c i p a t e d value of e i g h t ( f o r the complex (Ag + ) (Ag„)) w i t h the formation 
o b 
+ 
of the new complex (Ag )_(Ag_) ( d i a s . 6 ( i x ) a n d 6 ( x ) ) . The removal of 
b o 
two s i l v e r ions from c o - o r d i n a t i o n with Ag g thus i n d i c a t e d caused the s i l v e r -
s i l v e r bond l e n g t h (the edge of the Ag g octahedron) to decrease, c o n s i s t e n t 
with the diminished a b i l i t y of s i x s i l v e r ions to withdraw e l e c t r o n d e n s i t y 
d i a . 6 ( i x > The O c t a h e d r a l Ag, Molecule (SU) S t a b i l i s e d b y S i x Surrounding 











dia„6(x) Stereoview of the O c t a h e d r a l Ag f i Molecule S t a b i l i s e d a t the Centre of 
82 
a S o d a l i t e U n i t by S i x Surrounding S i l v e r Ions ( a f t e r Kim and S e f f ) 
( P o s i t i o n s AG2 and AG4 correspond w i t h those denoted i n the t e x t S2 
and SU r e s p e c t i v e l y . ) 
247. 
4-f r o m t h e Ag_ c l u s t e r . A d d i t i o n a l l y , t h e Ag-Ag d i s t a n c e was seen t o 
6 
s h o r t e n as a r e s u l t o f s t r o n g e r i n t e r a c t i o n , , 
The r e m a i n i n g s i l v e r i o n s l o c a t e d w i t h i n t h i s u n i t c e l l ( t w o ) were 
a s s o c i a t e d w i t h 8 - r i n g s ( S I ) ; t h e s e were fou n d n o t t o complex w i t h 
e t h y l e n e , i n common w i t h t h e o t h e r c a t i o n s . 
I n t h e r e m a i n i n g 54% o f u n i t c e l l s whose s o d a l i t e ( $ ) c a v i t i e s d i d 
n o t c o n t a i n Agg m o l e c u l e s , one o u t o f e i g h t 6 - r i n g s i l v e r i o n s was observed,, 
upon e t h y l e n e a d s o r p t i o n , t o recede about i S i n t o t h e s o d a l i t e u n i t , t h e r e b y 
t a k i n g up an S2* p o s i t i o n . No e t h y l e n e m o l e c u l e c o u l d be l o c a t e d i n 
c o - o r d i n a t i o n w i t h t h i s i o n , a l t h o u g h i t was s u g g e s t e d t h a t t h i s m i g h t 
p o s s i b l y be t h e r e s u l t o f poor e x p e r i m e n t a l r e s o l u t i o n , , C o n v e r s e l y , each 
o f the r e m a i n i n g seven 6 - s i n g c a t i o n s , now p r o t r u d i n g 1.2A* i n t o t h e a cage 
(S2 ) , was found t o f o r m a l a t e r a l 7T complex w i t h one e t h y l e n e m o l e c u l e , 
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d i a , 6 ( x i ) S t e r e o v i e w o f t h e Ag A - E t h y l e n e S o r p t i o n Complex i n t h e L a r g e 
82 
( Of) C a v i t y ( a f t e r Kim and S e f f ) . ( P o s i t i o n AG3 c o r r e s p o n d s 
wi>':h c h a t d e n o t e d S2" i n t h e t e x t , w h i l s t s i t e s AG5 and AG6 
b o t h r e f e r t o t h o s e denoted S i . ) 
248. 
B o t h c a r b o n atoms o f t h e complexed e t h y l e n e m o l e c u l e were e s t a b l i s h e d 
as b e i n g e q u i v a l e n t (dia„6(xii)), each 2.54A* f r o m a s i l v e r i o n and, w h i l s t 
n o t a c c u r a t e l y d e t e r m i n e d , t h e C=C bond l e n g t h appeared n o t t o be 
O 85 
s i g n i f i c a n t l y d i f f e r e n t f r o m t h a t r e p o r t e d f o r e t h y l e n e gas ( 1 0 3 3 4 A )„ 
No s i g n i f i c a n t a p p r o a c h was made by t h e o l e f i n t o t h e z e o l i t e framework: 
t h e s m a l l e s t C-0 d i s t a n c e (3„76&) b e i n g such t h a t t h e h ydrogen atoms were 
c o n s i d e r e d t o o f a r ( g r e a t e r t h a n 3, o f t f r o m t h e n e a r e s t o x i d e i o n s t o i n t e r a c t 
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dia„6(xii) The Ag(C H ) Complex i n t h e Large ( a ) C a v i t y ( a f t e r Kim and 
82 * S e f f )„ ( P o s i t i o n AG3 c o r r e s p o n d s t o t h a t denoted S2 i n t h e t e x t ) 
A g a i n , as w i t h t h e 4 6 % o f u n i t c e l l s whose s o d a l i t e c a v i t i e s c o n t a i n e d 
Ag„ m o l e c u l e s , an a d d i t i o n a l two s i l v e r i o n s were l o c a t e d p e r u n i t c e l l 6 
p o s i t i o n e d w i t h i n 8 - r i n g s (Sl)„ S i m i l a r l y , t h e se appeared n o t t o be 
c o - o r d i n a t e d t o ethylene„ 
The r e s u l t , t h a t e t h y l e n e does n o t d i s p l a c e A g Q as a l i g a n d t o s i x Ag 
i o n s i s i n c o n t r a s t t o work i n v o l v i n g t h e a d s o r p t i o n o f NH^ on s i m i l a r l y t r e a t e d 
16 
Ag,„A z e o l i t e i n w h i c h N H and N were formed „ A c c o r d i n g t o Kim and 
11£ o *J o 
82 
S e f f t h i s i n d i c a t e s t h a t f o r t h e c o - o r d i n a t i o n numbers and g e o m e t r i e s 
249. 
i n v o l v e d , t h e l i g a n d s t r e n g t h o f Ag„ i s between those o f e t h y l e n e and t h e 
D 
t r i a z i n e s w i t h r e s p e c t t o Ag + 
The c r y s t a l s t r u c t u r e o f t h e e t h y l e n e s o r p t i o n complex, CoNa_Al,„Si,„0 
J 4 4 12 12 48 
83 
4C 2H^ , has shown one e t h y l e n e m o l e c u l e t o bond l a t e r a l l y and s y m m e t r i c a l l y 
to each o f t h e f o u r c o b a l t i o n s ( w h i c h occupy 6 - r i n g S2 s i t e s ) , t h e r e b y 
c a u s i n g t h e s e i o n s t o adopt t e t r a h e d r a l c o - o r d i n a t i o n (dias£(xiii) and (xiv))„ 
The c o b a l t - c a r b o n d i s t a n c e , 2,51$. (compared w i t h a v a l u e o f 2.54$ f o r C^H^ 
82 adsorbed on Ag_ 0A z e o l i t e ) , was i n d i c a t i v e o f weak b o n d i n g , as was the C=C 12 
bond l e n g t h w h i c h d i f f e r e d l i t t l e f r o m t h a t o f t h e gas„ N e g l i g i b l e 
f r a m e w o r k - e t h y l e n e i n t e r a t i o n c o u l d be i n f e r r e d f r o m t h e d i s t a n c e o f t h e 
n e a r e s t O H ...0 approach, 3,4$., 
dia„6(xiii) S t e r e o v i e w o f t h e Co Na A - e t h y l e n e S o r p t i o n Complex ( a f t e r 
83, 4 R i l e y e t al„ ) 
2 • 3 I 
S I 
83 
d i a . 6 ( x i v ) The Co(C H ) 2 + Complex i n t h e L a r g e ( c ) C a v i t y ( a f t e r R i l e y e t a l , ) 
2 4 
250. 
I n o r d e r t o d i s t r i b u t e c a t i o n i c charge more e v e n l y , t h e sodium i o n s , 
p o s i t i o n e d a t t h e r e m a i n i n g f o u r 6 - r i n g s i t e s , were found t o recess i n t o 
t h e (8 cages ( S 2 1 ) ; t h e r e was no e v i d e n c e o f c o - o r d i n a t i o n between these 
i o n s and e t h y l e n e m o l e c u l e s , 
6. S p e c t r o s c o p i c I n v e s t i g a t i o n s o f Z e o l i t e - E t h y l e n e Systems 
No i n f r a r e d o r Raman s p e c t r o s c o p i c s t u d i e s have been u n d e r t a k e n , 
t o our knowledge, o f t y p e A z e o l i t e - a d s o r b e d e t h y l e n e systems. However, 
28 86 87 
i n v e s t i g a t i o n s " ' ' w h i c h have t a k e n p l a c e e m p l o y i n g t y p e 13X z e o l i t e , 
and e s p e c i a l l y t h e s i l v e r exchanged f o r m , may be expected t o a f f o r d some 
i n s i g h t i n t o t h e system w h i c h i s t h e s u b j e c t o f t h i s work, 
86 ~ i C a r t e r e t a l . have r e p o r t e d i n f r a r e d s p e c t r a i n t h e r e g i o n 1300-3300cm 
+ -f + + 2+ 2+ 2+ f o r e t h y l e n e adsorbed on L i , Na , K , Ag , Ca , Ba and Cd exchanged type 
13X z e o l i t e s . These were a c t i v a t e d , p r i o r t o a d s o r p t i o n , by e v a c u a t i o n t o 
-6 o 
5x10 T o r r a t 450 Co S p e c t r a were t h e n measured w i t h an o v e r - p r e s s u r e o f 
9-11 cm e t h y l e n e , and a g a i n upon r e - e v a c u a t i o n . 
I n a l l s p e c t r a , t h e i n f r a r e d f o r b i d d e n v i b r a t i o n s , denoted ^ (C=C 
88 
s t r e t c h ) and V (CH symmetric d e f o r m a t i o n ) a f t e r H e r z b e r g , f e a t u r e d 
q u i t e s t r o n g l y , i n d i c a t i n g b o t h t h a t o l e f i n i n t e r a c t i o n w i t h the s u r f a c e had 
89 
t a k e n p l a c e , and t h a t d i s s o c i a t i o n was absent. Bonding was shown t o be 
weak by t h e complete removal o f adsorbed gas, upon e v a c u a t i o n a t room 
t e m p e r a t u r e , f r o m a l l b u t t h e s i l v e r and cadmium exchanged forms. For t h e 
two l a t t e r z e o l i t e s s t r o n g e r i n t e r a c t i o n was i n d i c a t e d , w i t h t h e employment 
o f t e m p e r a t u r e s i n excess o f 200°C (as w e l l as e v a c u a t i o n ) b e i n g necessary 
f o r t h e d i s p l a c e m e n t o f e t h y l e n e from Cdl3X z e o l i t e , and by the r e q u i r e m e n t 
o f s t i l l more s t r i n g e n t c o n d i t i o n s i n the case o f Agl3X z e o l i t e , 
86 90 C a l o r i m e t r i c d a t a from b o t h t h i s work and p r e v i o u s s t u d i e s , a l s o 
d i s p l a y e d t h i s t r e n d w i t h t h e h e a t o f a d s o r p t i o n f o r e t h y l e n e on Agl3X 
p r o v i n g t o have t h e l a r g e s t v a l u e . F u r t h e r m o r e , c o r r e l a t i o n was found 
88 
between t h i s d a t a and t h e s h i f t o f V (C=C s t r e t c h ) i n t h e v a r i o u s a d s o r p t i o n 
251. 
systems t o l o w e r f r e q u e n c y as compared w i t h gaseous e t h y l e n e ( T a b l e 6,5), 
T h i s was t a k e n t o i n f e r t h a t t h e e t h y l e n e - c a t i o n i n t e r a c t i o n t o o k p l a c e 
v i a t h e n e l e c t r o n s o f t h e e t h y l e n e C=C bond. 
Ta b l e 6.5 Frequency S h i f t ( A v ? ) and C a l o r i m e t r i c Data f o r E t h y l e n e 
86 
Adsorbed on S e v e r a l C a t i o n Exchanged Type 13X Z e o l i t e s 
Z e o l i t e Average Heat o f _^ A d s o r p t i o n k c a l mol i - l t^l cm 
D e s o r p t i o n Data 
( f r o m I n f r a r e d S p e c t r a ) 
NaX 8.6" " -10" Removed by e v a c u a t i o n 
a t room t e m p e r a t u r e 
CdX 14.9 -29" Removed by e v a c u a t i o n 
a t 200°C 
AgX 18.1 -45" Not removed by e v a c u a t i o n 
a t 200°C 
- I 8 8 
S h i f t i n V r e l a t i v e t o f r e q u e n c y f o r gaseous e t h y l e n e (1623cm ) 
Data f o r z e o l i t e s i n c o n t a c t w i t h gaseous e t h y l e n e 
** I n o r d e r t o shed i n s i g h t upon t h e system w h i c h i s the concern o f 
t h i s c h a p t e r , r e f e r e n c e v a l u e s f o r e t h y l e n e adsorbed on sodium 
and c a l c i u m exchanged t y p e A z e o l i t e s have been r e p o r t e d as 10 k c a l 
m D l - l 91 a n d 8.0-9.7 kcal m o l " 1 9 2 r e s p e c t i v e l y . 
The r e l a t i v e o r i e n t a t i o n o f the d i p o l e moment change w i t h r e s p e c t t o t h e 
s u r f a c e appeared t o i n f l u e n c e t h e band shape o f e t h y l e n e v i b r a t i o n s i n those 
z e o l i t e s exchanged w i t h c a t i o n s o t h e r t h a n s i l v e r . V i b r a t i o n s w i t h changes 
p e r p e n d i c u l a r t o t h e s u r f a c e ( V , V^) were found t o be narrow, w h i l s t t h a t 
i n v o l v i n g a d i p o l e moment change p a r a l l e l t o t h e s u r f a c e ( a n t i s y m m e t r i c 
88 
CH 9 d e f o r m a t i o n : v ) proved t o be b r o a d . T h i s l a t t e r f a c t was e x p l a i n e d 2 12 
by t h e s u g g e s t i o n t h a t r o t a t i o n o f t h e e t h y l e n e m o l e c u l e t o o k p l a c e ( a b o u t 
an a x i s p r o j e c t e d from t h e c a t i o n and p a s s i n g t h r o u g h the c e n t r e o f t h e 
C=C band) c a u s i n g m o d u l a t i o n and hence band w i d e n i n g . C o n v e r s e l y , i n the case 
o f t h e s i l v e r exchanged z e o l i t e , t h e V v i b r a t i o n broadened v e r y l i t t l e . 
I t was t h e r e f o r e proposed t h a t i n t h i s system the s t r o n g e r b o n d i n g , i m p l i e d 
f r o m t h e s p e c t r o s c o p i c and c a l o r i m e t r i c d a t a , p r e v e n t e d f r e e r o t a t i o n , and 
i n s t e a d gave r i s e t o a t o r s i o n a l mode. 
252. 
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A b o n d i n g scheme ' may t h e r e f o r e be p u t f o r w a r d f o r s i l v e r - e t h y l e n e 
i n t e r a c t i o n i n w h i c h t h e r e i s o v e r l a p o f t h e o l e f i n ir o r b i t a l s w i t h e i t h e r 
a 5s o r b i t a l o r a 5sp h y b r i d o r b i t a l o f t h e c a t i o n t o f o r m a ©-band,, 
(The use o f a h y b r i d i s e d o r b i t a l appears t h e more l i k e l y p o s s i b i l i t y as 
t h i s w o u l d c o n t i n u e t o a l l o w i n t e r a c t i o n o f t h e c a t i o n w i t h t h e framework 
oxygen atoms w i t h o u t t h e i n t r o d u c t i o n o f new s p a t i a l and a n g u l a r r e s t r i c t i o n s . ) 
A l t h o u g h a s i m i l a r mechanism i s p r o b a b l e i n t h e o t h e r a d s o r p t i o n systems, t h i s 
scheme may be t a k e n a s t a g e f u r t h e r i n t h e case o f s i l v e r , so t h a t back-
d o n a t i o n o f e l e c t r o n d e n s i t y t a k e s p l a c e f r o m f i l l e d s i l v e r 4d o r b i t a l s i n t o 
t h e v a c a n t 7T o r b i t a l s o f e t h y l e n e a c c o r d i n g t o t h e Chatt-Dewar-Duncanson 
93 9d 
model. ' * As t h e s i l v e r ion's i n t e r a c t i o n w i t h t h e framework i s p a r t l y 
c o v a l e n t , a n e c e s s a r y consequence i s t h a t i t s d o r b i t a l s a r e f i x e d xn space 
(dia«,6(xv)\ 




S 4 d 4 d 
O U T 
////// 
d i a . 6 ( x v ) The S p a t i a l Arrangements o f O r b i t a l s I n v o l v e d i n t h e Bonding 
Between S i l v e r and E t h y l e n e ( a f t e r Yates e t a l . 8 6 > 8 7 ) . 
I t may t h u s be seen t h a t a t t e m p t e d o l e f i n r o t a t i o n i n v o l v e s bond b r e a k i n g . 
253. 
I n t h e A g l 3 X - e t h y l e n e system a l o n e , a s h o u l d e r was found t o t h e low 
f r e q u e n c y s i d e o f t h e v i b r a t i o n a t 1320cm 1 a s s i g n e d t o ( t h e CH^ 
88, 
symmetric d e f o r m a t i o n )• W h i l s t e v a c u a t i o n a t room t e m p e r a t u r e improved 
r e s o l u t i o n and made a p p a r e n t two d i s c r e t e bands a t 1318cm 1 and 1310cm 
f u r t h e r pumping a t 100°C caused t h e 1318cm 1 f r e q u e n c y t o d i s a p p e a r . I t 
was t h u s proposed t h a t t h e s e o b s e r v a t i o n s m i g h t be i n d i c a t i v e o f two 
adsorbed e t h y l e n e s p e c i e s , and i n o r d e r t o t e s t t h i s c o n c l u s i o n v o l u m e t r i c 
28 
and g r a v i m e t r i c i n v e s t i v a t i o n s were u n d e r t a k e n . These showed t h e presence 
o f two a d s o r p t i o n s i t e s w i t h i n the z e o l i t e ( d i a . 6 ( i i i ) ) . The f i r s t p o s i t i o n 
( t y p e I I I ) , t o w h i c h t h e l e s s e a s i l y removed e t h y l e n e bonded, was d e m o n s t r a t e d 
t o be a c a t i o n s i t u a t e d i n s i d e a 4 - r i n g o f a s o d a l i t e o c t a h e d r o n w h i c h 
formed t h e w a l l o f a supercage; t h e r e were 4.4 o f these s i t e s o c c u p i e d by 
e t h y l e n e per supercage. The second p o s i t i o n ( t y p e I I ) , t o w h i c h t h e more 
weakly bonded e t h y l e n e a t t a c h e d , corresponded t o a s i l v e r i o n l o c a t e d 
w i t h i n a 6 - r i n g o f a s o d a l i t e u n i t : the occupancy o f these s i t e s numbered 
3.6 e t h y l e n e m o l e c u l e s per supercage. The d i f f e r i n g bond s t r e n g t h s o f 
t h e two p o s i t i o n s may t h e r e f o r e be r a t i o n a l i s e d by t h e f a c t t h a t t h e 6 - r i n g 
c a t i o n s do n o t p r o t r u d e i n t o the <y cage as much as do c a t i o n s i n t h e 
4 - r i n g s , and hence do n o t a l l o w as c l o s e an approach by e t h y l e n e . ( I t 
24-7 
s h o u l d be n o t e d t h a t s t r u c t u r a l r e p o r t s i n d i c a t e y e t a n o t h e r c a t i o n 
l o c a t i o n w i t h i n t h e hexagonal p r i s m s ( I ) ; however, t h i s i s n o t s u i t a b l e 
f o r b o n d i n g t o adsorbed s p e c i e s . ) 
1 95 96 H NMR s t u d i e s ' have been c a r r i e d o u t o f e t h y l e n e i n t e r a c t i o n s 
-\~ *H + 2+ 2~t" w i t h L i , K , Ag , Cd and Ba exchanged t y p e 13X z e o l i t e s u s i n g b o t h 
c h e m i c a l s h i f t and w i d e l i n e t e c h n i q u e s . 
I n a l l cases an o v e r p r e s s u r e o f 10cm o f t h e o l e f i n was employed 
28 86 87 
c o r r e s p o n d i n g t o t h e h i g h coverage case o f Yates e t a l . ' ' For 
z e o l i t e s o t h e r than t h e s i l v e r - e x c h a n g e d f o r m , a s i m p l e l i n e - w i d t h 
b r o a d e n i n g r e l a t i o n was observed as t e m p e r a t u r e was l o w e r e d from room 
t e m p e r a t u r e t o 77K, i n t e r p r e t e d as showing e t h y l e n e r o t a t i o n s l o w i n g down. 
254. 
However, w i t h Agl3X z e o l i t e , b r o a d e n i n g took p l a c e t o 178K, a t w h i c h 
t e m p e r a t u r e e t h y l e n e r e - o r i e n t a t i o n was quenched. O b v i o u s l y t h e r e i s 
a p p a r e n t d i s c r e p a n c y here between NMR and i n f r a r e d d a t a c o n c e r n i n g t h e 
r o t a t i o n / n o n r o t a t i o n o f e t h y l e n e adsorbed on Agl3X z e o l i t e above 178K. 
However, t h i s may be e x p l a i n e d by t h e f a c t t h a t t h e t i m e s c a l e o f t h e NMR 
-7 
measurements ( c a . 3 x l 0 s) i s between f i v e and s i x o r d e r s o f magnitude 
l o n g e r t h a n t h e p e r i o d o f t h e i n f r a r e d r a d i a t i o n involved„ Hence e v e n t s 
89, 95 
o c c u r r i n g on an i n f r a r e d t i m e s c a l e appear s t a t i c when viewed by NMR 
97 98 
Mossbauer s p e c t r o s c o p y ' has been used t o i n v e s t i g a t e e t h y l e n e 
-f-
a d s o r p t i o n on a f e r r o u s exchanged t y p e A z e o l i t e (Fe^ Na^ O.SNaAlC^ ) . 
As i n t h e s t u d i e s o f t h e a l k a l i m e t a l exchanged forms o f t y p e 13X z e o l i t e 
d e s c r i b e d above, f r e e r o t a t i o n o f t h e o l e f i n was obser v e d , i n t h i s case 
about b o t h t h e sodium and t h e f e r r o u s i o n s ( t h e l a t t e r o f w h i c h were l o c a t e d 
i n t h e 6 - r i n g s o f t h e a cage ( S 2 " ) ) . Bonding was weak, e n a b l i n g d e s o r p t i o n 
upon e v a c u a t i o n f o r 5 m i n u t e s , and a heat o f a d s o r p t i o n o f 8.4-10 k c a l mol \ 
was e s t i m a t e d f o r t h e f e r r o u s i o n - e t h y l e n e i n t e r a c t i o n . 
Of immediate r e l e v a n c e t o the work o f t h i s t h o s i s are t h e p r e v i o u s INS 
3-5 
i n v e s t i g a t i o n s w h i c h have been c a r r i e d o u t on t h e A g l 3 X - e t h y l e n e system 
— 6 o 
Z e o l i t e samples, p r e p a r e d by e v a c u a t i o n t o 5x10 T o r r a t 450 C, had 
e t h y l e n e (C„H and C D ) adsorbed on them t o a p r e s s u r e o f 500 T o r r . 
S p e c t r a were t h e n measured a t t h i s o v e r - p r e s s u r e , c o n s i d e r e d e q u i v a l e n t 
28 87 
t o t h e h i g h coverage case o f Yates ' , where 8 e t h y l e n e m o l e c u l e s were 
l o c a t e d per supercage o c c u p y i n g s i t e s I I and I I I ( d i a . 6 ( i i i ) ) . S u b s e q u e n t l y , 
t h e samples were r e - e v a c u a t e d f o r 30 minu t e s a t room t e m p e r a t u r e , and 
s p e c t r a were observed c o r r e s p o n d i n g t o t h e low coverage case (where 4.4 
e t h y l e n e m o l e c u l e s had been found p e r supercage s i t u a t e d a t t y p e I I I s i t e s ) . 
An a d d i t i o n a l e x p e r i m e n t e m p l o y i n g trans-CgH^D^ was a l s o c a r r i e d o u t , but 
i n t h i s case o n l y t h e low coverage s t a t e was i n v e s t i g a t e d . 
^ "0.9NaA10 " i n t h e f o r m u l a o f t h e f e r r o u s - e x c h a n g e d t y p e A z e o l i t e r e f e r s 
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2 5 7 . 
From measurements o f t h e F u l l W i d t h a t H a l f Maximum (FWHM) o f t h e 
e l a s t i c peak, i t was e s t a b l i s h e d , i n accordance w i t h t h e work o f Yates 
86 87 
e t a l . ' , t h a t t h e e t h y l e n e m o l e c u l e was n o t f r e e l y r o t a t i n g . A n a l y s i s 
o f t h e i n e l a s t i c p a r t o f t h e spe c t r u m was then c a r r i e d o u t a p p l y i n g t h e 
i n t e n s i t y r e l a t i o n s and d e u t e r a t i o n s h i f t s p r e d i c t e d from two models o f 
99 
t h e adsorbed, e t h y l e n e m o l e c u l e ; ( i ) a p l a n a r (gaseous) c o n f i g u r a t i o n , 
and ( i i ) a n o n - p l a n a r ( Z e i s e ' s s a l t ) s t r u c t u r e " 1 " 0 0 i n w h i c h t he hydrogen 
atoms were bent o u t o f the plane and away fr o m t he c a t i o n . As a r e s u l t , 
t h r e e f r e q u e n c i e s were a s s i g n e d c o r r e s p o n d i n g t o t h e t o r s i o n a l modes T ^ , 
and o f t h e e t h y l e n e r e l a t i v e t o t h e s i l v e r c a t i o n , and a f o u r t h 
i d e n t i f i e d as a h i n d e r e d t r a n s l a t i o n (dia„6(xvi) and Table 6,6). I n t h e 
h i g h coverage case o n l y T , the t o r s i o n a l mode o f the e t h y l e n e m o l e c u l e 
about an a x i s p r o j e c t e d f r o m t h e c a t i o n t h r o u g h t h e c e n t r e o f the C=C bond, was 
c o n s i d e r e d as b e i n g s p l i t i n t o c o n t r i b u t i o n s c o r r e s p o n d i n g t o the in-phase 
and o u t - o f - p h a s e movements o f e t h y l e n e m o l e c u l e s on n e i g h b o u r i n g s i t e s I I 
and I I I . U s ing t h e observed f r e q u e n c i e s o f a t b o t h coverages, b a r r i e r s 
t o r o t a t i o n were c a l c u l a t e d . 
A d d i t i o n a l s t u d i e s were r e p o r t e d o f e t h y l e n e (C^^) adsorbed t o 400 
T o r r on Nal3X z e o l i t e , w h i c h had been p r e p a r e d a n a l o g o u s l y t o t h e s i l v e r 
exchanged samples. These r e s u l t s were i n c o n c l u s i v e because o f t h e 
poor r e s o l u t i o n a t t a i n e d , a l t h o u g h q u a s i - e l a s t i c b r o a d e n i n g d i d i n d i c a t e 
t h a t e t h y l e n e d i f f u s i v e m o t i o n was o c c u r r i n g i n t h i s i n s t a n c e s a g a i n i n 
-, 86,87 
agreement w i t h t h e f i n d i n g s o f Yates e t a l . 
B. E x p e r i m e n t a l 
Ag A z e o l i t e was p r e p a r e d f r o m Na A (BDHChemicals L t d . ) by JL 2 ^ 
r e p e a t e d ion-exchange e m p l o y i n g a 0,2M s o l u t i o n o f AgNO^ ( c o n t a i n i n g t h e 
e x a c t e q u i v a l e n c e o f t h e sodium i o n s t o be exchanged) and a t e m p e r a t u r e 
o 14 
o f 25 C . The sample was washed t h o r o u g h l y t o remove excess s i l v e r 
-5 o 
i o n s , and was t h e n degassed t o a p r e s s u r e below 10 T o r r a t 450 C. 
258. 
Upon d e h y d r a t i o n , t h e z e o l i t e powder was t r a n s f e r r e d , under vacuum, i n t o 
an a l u m i n i u m sample c e l l ( C h a p t e r I I I ) , and t h e INS spe c t r u m o f t h e c e l l 
p l u s z e o l i t e measured f o r use as a background. E t h y l e n e gas, e i t h e r 
c y l i n d e r C„H. ( > 99.9% p u r i t y ) o r C D s u p p l i e d by Merck, Sharp and 
Dohme L t d , (99 atom % D ) , was t h e n a d m i t t e d i n t o t h e sample c e l l ( a t room 
t e m p e r a t u r e ) v i a a g l a s s b r e a k e r s e a l , and adsorbed a t an o v e r p r e s s u r e 
o f a p p r o x i m a t e l y 450 T o r r . Upon a d s o r p t i o n b e i n g completed, t h e c e l l 
and z e o l i t e were evacuated t o 100 T o r r and s e a l e d o f f from t h e vacuum 
l i n e . A f t e r t h e High O v e r p r e s s u r e INS spectrum had been r e c o r d e d , t h e 
c e l l was r e - a t t a c h e d t o t h e vacuum l i n e by means o f a second g l a s s b r e a k e r 
s e a l , and t h e sample r e - e v a c u a t e d f o r about 30 mi n u t e s a t room t e m p e r a t u r e . 
The Low O v e r p r e s s u r e INS spe c t r u m was t h e n measured. 
The e x p e r i m e n t a l d e t a i l s r e l a t i n g t o t h e r e c o r d i n g o f t h e INS s p e c t r a 
o f t h e Ag^gA-ethylene a d s o r p t i o n system a re summarised i n Table 6.7. 
Table 6.7 INS S p e c t r a Measured o f the A g ^ A Z e o l i t e - e t h y l e n e 
A d s o r p t i o n System 
Gas R e s i d u a l O v e r p r e s s u r e 
o f Gas 
I n s t r u m e n t Temperature 
C 2 H 4 
C 2 H 4 
100 T o r r 





C 2 H 4 
C 2 H 4 
0.01 T o r r 






C 2H 4 100 T o r r Dido BFD l i q . N 2 
C 2 H 4 0.003 T o r r Dido BFD l i q . N 2 
C2°4 
C2°4 
100 T o r r 
70 T o r r 
4H5/6H 
I N 4 r 
118K/138K 
5K 
C 2 D 4 
C 2 D 4 
0 0003 T o r r 
0.01 T o r r 
4H5 118K 
5K 
C 2 D 4 100 T o r r P l u t o BFD U q . N 2 
C2°4 0.003 T o r r P l u t o BFD l i q . N 2 
* I n c i d e n t e n e r g i e s o f 12.5 and 22.9 meV employed 
/ I n c i d e n t e n e r g i e s o f 12.6 and 22.7 meV employed 
Except where s t a t e d t o t h e c o n t r a r y , a l l s p e c t r a i n c l u d e d i n t h i s c h a p t e r 
have had a background c o r r e s p o n d i n g t o t h e sample c e l l p l u s d e h y d r a t e d Ag A 
z e o l i t e s u b t r a c t e d . 
Peak r e s o l u t i o n and t h e measurement o f INS i n t e n s i t i e s have been c a r r i e d 
o u t u s i n g a Du Pont Curve R e s o l v e r . Assuming t h e backgrounds i n d i c a t e d -
on t h e s p e c t r a , Gaussians have been p l a c e d , i n t h e f i r s t i n s t a n c e a t 
observed t r a n s i t i o n s , b u t where necessary a t e n e r g i e s i n d i c a t e d f r o m t h e 
f o r m o f t h e t o t a l bandshape. The peak areas t h u s g e n e r a t e d have been v a r i e d 
t o a c h i e v e a " b e s t f i t " w i t h t h e o v e r a l l band p r o f i l e , and t h e r e s u l t a n t 
i n t e n s i t y r a t i o measured. T h i s has t h e n been compared ( d i r e c t l y i n t h e 
case o f r a t i o s o b t a i n e d f r o m BFD s p e c t r a , b u t a f t e r s u i t a b l e c o r r e c t i o n f o r 
2 
"Q " and f r e q u e n c y i n t h e case o f v a l u e s d e r i v e d f r o m T-O-F d a t a ( C h a p t e r I I ) ) 
w i t h t h e i n t e n s i t y r a t i o p r e d i c t e d on t h e b a s i s o f t h e suggested a s s i g n m e n t s . 
Co D i s c u s s i o n o f R e s u l t s 
The BFD s p e c t r a o b t a i n e d f o r t h e A g ^ A z e o l i t e - e t h y l e n e a d s o r p t i o n 
system are shown i n dias,, 6 ( x v i i ) and 6 ( x i x ) ( H i g h O v e r p r e s s u r e ) and 
d i a s 0 6 ( x x i ) and 6 ( x x i i ) (Low O v e r p r e s s u r e ) , w h i l s t t h e analogous T-O-F 
d a t a a r e d i s p l a y e d i n dias„6(xxiii)-6(xxxii) and d i a s . 6 ( x x x i i i ) - 6 ( x x x i x ) 
r e s p e c t i v e l y . The s p e c t r o s c o p i c f r e q u e n c i e s thus d e r i v e d a re summarised i n 
T a b l e s 6.8 and 6.10. 
4 5 
INS s p e c t r a o f Z e i s e ' s s a l t and dimer ' show t h e two l o w e s t f r e q u e n c y 
i n t e r n a l e t h y l e n e v i b r a t i o n s ( t h e CH^ r o c k i n g modes) t o o c c u r a t 718-20cm * 
(v^^^) and 820-40cm ^ ( ^ 2 3 ^ ^ * ^ t ^ s t o ^ e e x P e c t e ( i t h a t i n weaker 
c o m p l e x a t i o n w i t h s i l v e r r a t h e r t h a n p l a t i n u m , t h e s e w i l l s h i f t t o h i g h e r 
frequency„ In d e e d , f o r gaseous e t h y l e n e , t h e e q u i v a l e n t r o c k i n g v i b r a t i o n s 
a r e l o c a t e d a t 810cm * ( ) and 1236cm 1 ( Z A , ) 1 0 ^ . I t may thus be 
10 6 
a n t i c i p a t e d w i t h some c e r t a i n t y t h a t the l o w e s t f r e q u e n c y i n t r a m o l e c u l a r 
mode o f CgH^ complexed w i t h i n A g ^ A z e o l i t e w i l l be found a t ca„800cm *, 
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and t h a t f o r co-ordinated C^D^ t h i s band w i l l be s i t u a t e d a t approximately 
586cm 1<, (The l a t t e r value i s t h a t p r e d i c t e d by A r n e t t and Crawford f o r 
103 the _ v i b r a t i o n i n C_D„ ) . 10 2 4 
I n order t o analyse s p e c t r a l f e a t u r e s o c c u r r i n g at frequencies lower 
than those p r e d i c t e d f o r i n t e r n a l C^H.^ and C^D^ modes, t h a t i s i n the region 
of the spectrum where v i b r a t i o n s expected t o r e s u l t from surface-ethylene 
i n t e r a c t i o n s should be l o c a t e d , use w i l l be made of p r e d i c t e d i n t e n s i t y 
4-
r a t i o s and d e u t e r a t i o n s h i f t s (Table 6,9) c a l c u l a t e d on the basis of two 
models f o r the s t r u c t u r e of complexed ethylene: 
101 
( i ) a planar gas phase l i k e geometry 
100 
( i i ) a Zeise's s a l t c o n f i g u r a t i o n , i n which the four hydrogen 
atoms bend out of the "gas phase plane" and away from the 
c a t i o n w i t h which i n t e r a c t i o n i s o c c u r r i n g , 
( I n both cases the C-D bond l e n g t h has been assumed to be 0„0lS s h o r t e r 
than t h a t of C-HO 
The i n t e n s i t y r a t i o s i n Table 6,9 show t h a t the three ethylene-surface 
v i b r a t i o n s p r e d i c t e d t o have g r e a t e s t i n t e n s i t y are T , T and T 
J x y z 
4 5 
( d i a , 6 ( x v i ) ) . The two l a t t e r t o r s i o n s have been located i n INS spectra 8 , 
102 
and the former i n i n f r a r e d spectra , of Zeise s s a l t and dimer: 
T T T 
Zeise's s a l t 185cm 490cm - 1 1180cm"1 
Zeise's dimer 170cm 1 487cm 1 1176cm 1 
4 5 
I n v e s t i g a t i o n s of the compound AgN0 3„^C 2H 4 ' ( i n the T-O-F regi o n o n l y ) have 
shown the mode t o occur at lower frequency (140cm than f o r the 
platinum complexes d e t a i l e d above, r e f l e c t i n g the weaker bonding i n t h i s 
s a l t between ethylene and the s i l v e r c a t i o n . S i m i l a r l y , i n INS studies of 
t Calculated using the r e l a t i o n s s t a t e d i n Chapter IV t h a t the i n t e n s i t y 
of a t r a n s l a t i o n i s p r o p o r t i o n a l t o M-^, and the i n t e n s i t y of a r o t a t i o n i s pro-
p o r t i o n a l t o r 2 ( l R ) - 1 = I n the case o f ethylene adsorbed on A g 1 2 A z e o l i t e , M i s 
the mass of ethylene, r i s the perpendicular distance between the s c a t t e r i n g 
atom and the axis of r o t a t i o n and I R i s the moment of i n e r t i a of ethylene 
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ethylene adsorbed onto Agl3X z e o l i t e , the same order of r e l a t i v e frequencies 
of the t o r s i o n a l modes, T . T and T , has been e s t a b l i s h e d (Table 6.6) as 
x y z 4 5 4 5 f o r Zeise's s a l t and dimer ' , but i n common w i t h the f i n d i n g s f o r AgN0„,^C9H. ' 3'2^2"4 
-1 
a s h i f t was observed of a l l three v i b r a t i o n s to lower energy (T , 39.5cm , 
T = 253 cm * and T = A18cm \ 
1, The BFD Spectra of Ethylene Adsorbed onto Ag^A Z e o l i t e at High Overpressure 
The BFD spectrum of C adsorbed at High Ovepressure onto Ag^A z e o l i t e 
( d i a , 6 ( x v i i ) ) d i s p l a y s three intense peaks at 74cm 278cm 1 and 417cm 1 . 
Matching bands of equ i v a l e n t i n t e n s i t y allows c o r r e l a t i o n of these w i t h 
t r a n s i t i o n s i n the analogous OgD^ spectrum (dia„6(xix)) at 39cm \ 240cm 1 
and 298cm \ the two l a t t e r frequencies r e s u l t i n g from r e s o l u t i o n of the 
fe a t u r e s i t u a t e d between i n c i d e n t energies of 200cm 1 and 390cm 1 (using as 
guidance the BFD spectrum of CgD^ adsorbed at Low Overpressure (dia„6(xxii)) 
which d i s p l a y s g r e a t e r r e s o l u t i o n ) . 
From preceding di s c u s s i o n , i t would appear l i k e l y t h a t the highest 
energy surface-ethylene v i b r a t i o n of appreciable i n t e n s i t y should correspond 
t o the mode T „ I t i s , t h e r e f o r e , perhaps u n s u r p r i s i n g t h a t the observed 
d e u t e r a t i o n s h i f t (417cm 1 -» 298cm 1 ) of 0,715 i s i n good agreement w i t h 
* / t -1 p r e d i c t i o n f o r ^  (0,713 /C726') , and t h a t the frequency of 417cm i s 
almost i d e n t i c a l to t h a t reported f o r the T v i b r a t i o n i n studies of C„H 
X Ci 
- 1 4 5 
adsorbed onto Agl3X z e o l i t e (418cm ) ' , 
S i m i l a r l y , the l e a s t intense of the three major peaks which occur i n 
the BFD spectrum o f C^ H^  adsorbed at High Overpressure, t h a t at 278cm i s 
i n close p r o x i m i t y t o the region of the spectrum where the t o r s i o n was 
- 1 4 5 
loc a t e d i n the Agl3X zeolite-CgH^ system (258cm ) ' , I d e n t i f i c a t i o n w i t h 
T f o l l o w i n g the l a t t e r system, seems f u r t h e r i n d i c a t e d by the observed 
+ The s u f f i x e s * and / w i l l be used t o denote those d e u t e r a t i o n s h i f t s 
( o r i n t e n s i t y r a t i o s ) p r e d i c t e d using r e s p e c t i v e l y a gas phase geometry 1 ( 3 1 
and a Zeise's s a l t c o n f i g u r a t i o n 1 0 0 f o r the adsorbed ethylene molecule. 
288. 
d e u t e r a t i o n s h i f t (278cm 1 -o 240cm 1 ) of 0.863, which i s comparable w i t h 
values a n t i c i p a t e d of t h i s mode (0,859 /0,856 )„ 
Testing the assignments suggested above f o r the BFD spectrum of C H 
t 
adsorbed at High Overpressure, i t i s found t h a t the i n t e n s i t y of the T 
XH 
mode r e l a t i v e t o T (2.771:1.00 /2 0547:1.000^) agrees w e l l w i t h t h a t derived 
e x p e r i m e n t a l l y , 2.478:1,000, This i s despite the inaccuracy of the measurement 
which necessitated the assumption of a background and the determination of 
the areas of two peaks o c c u r r i n g on d i f f e r e n t planes by square counting. 
Likewise, f o r the analogous CgD^ BFD spectrum, the observed i n t e n s i t y r a t i o 
T : T measured by curve r e s o l u t i o n , 1,867:1,000, compares most 
XD YD * 
favourably w i t h a n t i c i p a t e d values of 1,893:1.OOO*/!,761:l.OOc/ „ 
The remaining band of l a r g e i n t e n s i t y i n the BFD spectra of ethylene 
adsorbed at High Overpressure on Ag 1 2A z e o l i t e (74cm 1 C2H4/39cm should, 
3-5 
by analogy w i t h the Agl3X-ethylene adsorption system , Zeise's s a l t and 
4 5 4 5 dimer ' and the complex AgNO^Cg^ ' , represent the as yet unassigned t o r s i o n 
of the ethylene group, However, c o n s i d e r a t i o n of t h i s region of the INS 
spectrum i s perhaps best deferred u n t i l the T-O-F data are reviewed. 
I n a d d i t i o n t o the frequencies discussed above, there i s a less intense 
band i n the BFD spectrum of C^ H^  adsorbed at High Overpressure s i t u a t e d at 
224cm which appears t o c o r r e l a t e w i t h a shoulder displayed at 188cm 1 i n 
the e q u i v a l e n t C„D spectrum. The i m p l i e d d e u t e r a t i o n s h i f t i s t h e r e f o r e 
0.839, which i s adjacent t o those expected f o r t o r s i o n s and (Table 6,9). 
Cle a r l y , on i n t e n s i t y grounds, i t cannot be assigned t o T , and yet i s i s 
ZH 
eq u a l l y improbable t o suppose t h a t the antisymmetric s t r e t c h (T ) would be 
-1 " H s p l i t , t o the extent of 54cm , as a r e s u l t of i n t e r a c t i o n between o l e f i n 
molecules bonded at neighbouring s i t e s . An a l t e r n a t i v e explanation i s thus 
f Surface-ethylene modes i n v o l v i n g hydrogenous and deuterated species w i l l 
be denoted by the respective s u b s c r i p t "H" or "D", e,g. T w i l l be the 
v i b r a t i o n T of C„H. . H x 2 4 
289. 
-1 
required,, and t h a t which seems most l i k e l y i s t h a t the 224cra t r a n s i t i o n 
r e p r e s e n t s a t o r s i o n a l mode o f an ethylene molecule complexed a t a second 
a d s o r p t i o n s i t e . Were t h i s t o be the case, however, i t would s t i l l be 
necessary t o decide which o f the v i b r a t i o n s T o r T was represented,, 
ZH y H 
I t i s perhaps u n l i k e l y t h a t an ethylene C g t o r s i o n ( T ) would occur a t 
a h i g h e r frequency than those found f o r Zeise's s a l t and dimer (185cm and 170cm 
r e s p e c t i v e l y ^ " 5 and AgNO^ %C 2H 4 (140cra 1 ) 4 ' 5 , i n view o f the weaker i n t e r a c t i o n 
expected between e t h y l e n e and Ag 1 2A z e o l i t e . Furthermore, c o n s i d e r a t i o n o f 
4 5 
the p a t t e r n o f assignments f o r Zeise's s a l t and diraer ' and f o r ethylene 
3-5 -1 adsorbed on Agl3X z e o l i t e shows t h a t i f the 224cm peak were t o represent 
T „ then T should be s i t u a t e d t o higher energy. I n f a c t , the only l i k e l y 
2H yH 
s i t u a t i o n f o r such a band would be w i t h i n the h i g h frequency " t a i l " o f the 
-1 -1 v i b r a t i o n a t 417cm p r e v i o u s l y designated T ( a t approximately 456cra ) . 
XH 
This should then c o r r e l a t e , on the d e u t e r a t i o n s h i f t expected o f T , t o a 
y 
- i / -1 * - 1 / - 1 * 
frequency between 390cm and 392cm (420cm - 422cm 
un c o r r e c t e d i n c i d e n t n eutron energy) i n the BFD spectrum o f C^ D^  adsorbed 
a t High Overpressure „ There i s no evidence f o r a peak of s u f f i c i e n t 
i n t e n s i t y i n t h i s r e g i o n and, consequently, a d e u t e r a t i o n s h i f t o f the 
approximate magnitude o f t h a t a n t i c i p a t e d f o r the v i b r a t i o n T i s suggested 
-1 
( t a k i n g the 456cm band i n the spectrum of C^R^ adsorbed a t High Overpressure 
beneath the broad peak s i t u a t e d a t 2S8cm * i n the e q u i v a l e n t C 2 ° 4 spectrum). 
I t thus appears l i k e l y t h a t the 456cm ^ f e a t u r e represents T o f a second f -1 2 H 2 s i t e „ and the 224cm t r a n s i t i o n T „ This would then place the T 
mode expected o f the second s i t e (by analogy w i t h the INS scheme of 
4 5 -1 assignments f o r Zeise's s a l t and dimer ' ) below the peak s i t u a t e d a t 74cm 
i n the BFD spectrum o f CgH^ adsorbed a t High Ovepressure 5 i n p o s s i b l e agreement 
w i t h experiment. 
I n f u t u r e d i s c u s s i o n , the t o r s i o n s and t r a n s l a t i o n s o f s i t e I w i l l be given the 
s u f f i x 1, e.g. T S T S T and t , and those of the second s i t e the s u f f i x 2. 
2 2 X 2 y 2 Z e.g. T X , T , and t . 
290. 
I f the an a l y s i s above i s c o r r e c t , then the r a t i o of the i n t e n s i t y 
1 2 1 2 of the peaks T : T and T : T should give an approximate value x x y y 
of the respective numbers of each s i t e . The former r a t i o has been 
c a l c u l a t e d from the BFD spectrum of C^U^ adsorbed on A g 1 2 A z e o l i t e a * 
High Overpressure (5,667:1.000); however, f o l l o w i n g the argument advanced 
/ 1 2 N 
pr e v i o u s l y , i t i s not possible t o measure t h i s r a t i o ( T : T ; i n 
XD D 
the e q u i v a l e n t CgD^ spectrum ( d i a . 6 ( x i x ) ) , because the bands r e s u l t i n g 
from the two s i t e s are not resolved. I t i s pos s i b l e , though, to compare 
1 2 
the r a t i o T : T obtained from the hydrogenous spectrum (4.385:1.000) 
y y 
w i t h t h a t derived from the deuterated data (2.143:1.000). I t i s found t h a t , 
1 2 1 2 w h i l s t the r a t i o s T : T and T : T are not s i g n i f i c a n t l y d i f f e r e n t 
*H XH YH yH 
(bearing i n mind t h a t one i s comparing weak features i n a subtracted spectrum), 
1 2 1 2 the r a t i o s T : T and T ; T are profoundly d i f f e r e n t . The 
yH yH YD yD 
large discrepancy i n the two l a t t e r r a t i o s can only be reasonably explained 
-1 2 
as the r e s u l t of e r r o r s i n the curve r e s o l u t i o n o f the 188cm peak ( T ) S 
1 1 ^ as i t has already been est a b l i s h e d t h a t the r a t i o T : T i s close to 
p r e d i c t i o n . 
This leaves unassigned the v i b r a t i o n s located a t 111cm *, 540cm * and 
600cm * i n the BFD spectrum of C^ D^  adsorbed at High Overpressure. The 
shoulder a t 111cm 1 has no obvious analogue i n the equ i v a l e n t CgH^ spectrum, 
although the 74cm * peak of the l a t t e r i s asymmetric. ( I t may, however, be 
observed i n the T-O-F spectra of the hydrogenous species which w i l l be 
considered l a t e r . ) I t seems probable, on i n t e n s i t y grounds, t h a t t h i s 
represents a t r a n s l a t i o n a l mode and, consequently, may correspond t o the 
ethylene symmetric s t r e t c h ( t z ) , which i s the highest frequency of such 
modes i n Zeise's s a l t and dimer (400cm * i n both cases ) ^ ' ^ ' , and has 
-1 4 5 been located a t ca.80cm i n the Agl3X-C 2H 4 system ' . 
Taking i n t o account previous discussion, the 600cm ^ peak may be 
c o r r e l a t e d w i t h the lowest energy i n t r a m o l e c u l a r ethylene mode ^ i o ^ w n :*- c n 
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has been p r e d i c t e d , f o r gaseous C^D^, to occur at 586cm 1 
F i n a l l y , the 540cm 1 shoulder remains t o be considered. I n view 
of the s i t u a t i o n of t h i s band above the highest frequency z e o l i t e - e t h y l e n e 
mode ( T ) , and yet below the lowest energy C0D i n t e r n a l v i b r a t i o n ( V ) 
i d e n t i f i e d above, assignment i s d i f f i c u l t . However, i t w i l l be noted t h a t 
the sum of the frequencies of the two intense peaks T 1 (240+lOcm 1 ) and 
1 -1 Y d T (298ilOcm ) i s approximately equal t o t h a t of t h i s f e a t u r e . I t i s 
th e r e f o r e suggested t h a t the 540cm peak might correspond to a combination 
band. C a l c u l a t i o n (using the r e l a t i o n s derived i n Chapter I I ) i n d i c a t e 
t h a t the i n t e n s i t y of such a band should be approximately 19,5% of , t h i s 
1 X » compares w i t h the value of ca„8,8% of T obtained by f i t t i n g a gaussian 
o 
below the 540cm shoulder using the Du Pont Curve Resolver ( d i a , 6 ( x i x ) ) , 
The assignment of a combination band cannot, t h e r e f o r e , be r u l e d out on 
i n t e n s i t y grounds and, indeed, i t appears possible t h a t the curve f i t t i n g 
has produced an underestimation of the i n t e n s i t y of the 540cm 1 band as 
a consequence of the i l l - d e f i n i t i o n of the 600cm 1 frequency. 
2, The BFD Spectra of Ethylene Adsorbed onto Ag^A Z e o l i t e a t Low Overpressure 
I t w i l l be seen t h a t the BFD spectrum of CgH^ adsorbed at Low Overpressure 
onto Ag A z e o l i t e ( d i a , 6 ( x x i ) ) i s almost superimposable on t h a t described 
p r e v i o u s l y f o r High Overpressure ( d i a , 6 ( x v i i ) ) , However, three features 
are n o t i c e a b l e : 
1) t h a t the " t a i l " of the 419cm 1 t r a n s i t i o n ( p r e v i o u s l y 
H 
assigned t o T • ) i s more ev i d e n t , 
XH 
2) th a t a band of small i n t e n s i t y has become apparent 
-1 
at 567cm 
3) t h a t a peak i s observable at 518cm 1 , 
Comparison w i t h the spectrum of dehydrated z e o l i t e ( d i a , 6 ( x v i i i ) ) s h o w s 
t h a t the 567cm ^ frequency probably corresponds t o a z e o l i t e l a t t i c e mode 
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located a t 570cm 1 , which has been a m p l i f i e d by C^ H^  adsorption. 
U n f o r t u n a t e l y , the 518cm 1 f e a t u r e i s more d i f f i c u l t to e x p l a i n . A 
peak of comparable i n t e n s i t y i s not found i n the spectrum of CgH^ 
adsorbed a t High Overpressure; indeed, there i s no evidence at a l l f o r such 
a band. I t seems strange t h a t the spectra f o r the two overpressures should 
be i d e n t i c a l i n a l l respects except one. However, i t i s noticeable t h a t 
the four p o i n t s which comprise the peak almost f i t a s t r a i g h t l i n e , and 
t h i s perhaps i n d i c a t e s displacement of these from the other p o i n t s i n t h i s 
region of the spectrum. I n f a c t , between the f i r s t p o i n t of the f e a t u r e , 
and the p o i n t immediately preceding, the reactor had " t r i p p e d " . C o n s u ltation 
w i t h the r e a c t o r l o g showed t h a t upon the " t r i p " o c c u r r i n g , the rea c t o r 
loading had been changed, w i t h the removal of neutron absorbing cobalt 
isotope r i g s . These had not been replaced u n t i l approximately the f i n a l 
p o i n t of the fo u r displaced. The BFD spectrum of C 2H 4 adsorbed a t Low 
Overpressure has been Time Normalised, but t h i s assumes constant f l u x 
(Chapter I I I ) . This c o n d i t i o n was m a n i f e s t l y not met because the time 
per p o i n t while the cobalt r i g s were raised was d r a m a t i c a l l y s h o r t e r than 
when they were i n p o s i t i o n ; t h a t i s t o say, t h a t w i t h the r i g s removed 
the f l u x was great e r than when they were i n p o s i t i o n . Hence Time 
No r m a l i s a t i o n has given r i s e to an a r t i f a c t . 
S i m i l a r l y , to the f i n d i n g s f o r the hydrogenous species, the BFD 
spectrum of C 2D 4 adsorbed at Low Overpressure on A g ^ ^ z e o l i t e ( d i a . 6 ( x x i i ) ) i s 
fundamentally the same as t h a t measured at High Overpressure ( d i a . 6 ( x i x ) ) . 
However, the removal of the some perdeutroethylene has produced greater 
r e s o l u t i o n of the three bands at 183cm \ 237cm 1 and 297cm \ I t would seem 
t h a t the i n t e n s i t y of the peak at intermediate frequency has been reduced 
on evacuation, the i n t e n s i t y r a t i o , (297cm ^) : (237cm ) having 
XD VD 
changed from 1.867:1.000 t o 2.269:1.000, so th a t the e x c e l l e n t agreement 
between observation and p r e d i c t i o n (1.893:1.000/1.761:1.000^) found f o r 
the BFD spectrum of C ,^D adsorbed at High Overpressure has been completely 
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1 1 
overturned,, This i s i n s t a r k c o n t r a s t w i t h the T : T r a t i o from the 
H yH 
equiv a l e n t C^H^ spectrum, where the values (2.531:1.000), again determined 
* 
by square counting compare favourably w i t h p r e d i c t i o n (2.771:1.000 /2.547: 
1.000 ), Of the reasons which might be put forward t o e x p l a i n t h i s 
discrepancy, t h a t which seems most reasonable i s t h a t , f o r some reason, the 
background assumed f o r the BFD spectrum of C2D^adsorbed at Low Overpressure 
(dia„6(xxii)) i s i n c o r r e c t . 
Two a d d i t i o n a l bands are observed d i s t i n c t l y i n the spectrum of C^D^ 
adsorbed at Low Overpressure, those at 400+10cm 1 and A47±10cm 1. ( i t i s arguable 
t h a t these may also be discerned i n the analogous High Overpressure spectrum 
(dia.6 $cix) ) at uncorrected i n c i d e n t neutron energies of approximately 415cm * 
and 480cm 1 r e s p e c t i v e l y , ) As w i t h the 540cm ^ band of High Overpressure 
C_D , these peaks l i e i n the region of the spectrum between the surface 
modes expected of the ethylene molecule and i t s i n t e r n a l v i b r a t i o n s . 
Although the lower frequency may perhaps be explained by a s s o c i a t i o n w i t h 
the l a t t i c e mode shown i n the BFD spectrum of Dehydrated Ag^A z e o l i t e at 406cm 
(dia„6(xx)), an a l t e r n a t i v e suggestion may perhaps describe both t r a n s i t i o n s . 
I t i s n o t i c e a b l e t h a t the two frequencies are j u s t about w i t h i n the e r r o r 
bars of the values f o r the two T modes located i n the BFD spectra of adsorbed 
x 
C„H , at 417+8cm 1 and 456+8cm 1 (High Overpressure), and 419+8cm 1 and 
Ct ft 
464+8cm ^  ( Low Overpressure), I t i s t h e r e f o r e necessary to c a l c u l a t e the 
i n t e n s i t y ( i f any) expected of an hydrogenous mode w i t h p a r t i c u l a r relevance 
to the claimed p u r i t y of the C 2D 4 employed (99 atom % Deuterium). 
The i n t e n s i t y of a given mode may be s t a t e d as 
^ % x a. 
mc 
where % r e f e r s to the percentage of s c a t t e r i n g 
atoms present and a i s the incoherent cross-section of i'ic . ^  




I n t e n s i t y ^ % x a inc. 
oc 1 x 80 
cc 80 
Deuterium Mode 
I n t e n s i t y x a. m c 
« 99 x 2 
« 198 
The i n t e n s i t y o f a s p e c i f i c mode i n v o l v i n g hydrogen (present as 1 % i n 
99% deuterium) i s t h e r e f o r e 40,4% of t h a t a n t i c i p a t e d f o r the same deuterium 
mode , 
Returning to the BFD spectrum of C^D^ adsorbed at Low Overpressure, i t 
may be seen t h a t , t a k i n g the worst possible case i n which a f l a t background 
-1 
i s assumed ( d i a . 6 ( x x i i ) ) , and hence the i n t e n s i t i e s of the 400cm 
and 447cm 1 bands are maximised, the i n t e n s i t y of the hydrogenous mode 
1 2 „ 1 + 2 , - 1 , ( T + t ) i s 49„25% of t h a t of the deuterated mode T (297cm ) . 
XH XH XD 
Whils t the i n t e n s i t y observed f o r the 400cra 1 and 447cm 1 frequencies 
t h e r e f o r e appears too la r g e f o r t h i s assignment, i t must be pointed out 
t h a t the background i n t h i s region of the spectrum i s r a d i c a l l y d i f f e r e n t 
t o t h a t of the BFD spectrum of CgD^ adsorbed at High Overpressure, Indeed, 
i t i s perhaps i n d i c a t i v e of a background s l o p i n g r i g h t t o l e f t which would, 
of course, reduce the i n t e n s i t i e s of the peaks at 400cm 1 and 447cm * 
r e l a t i v e t o t h a t at 297cm 1 , and more i m p o r t a n t l y reduce the i n t e n s i t y of the 
447cm 1 t r a n s i t i o n r e l a t i v e to t h a t a t 400cm 1 , This would then cause the 
i n t e n s i t y of the 447cm 1 band t o resemble more c l o s e l y t h a t expected o f 
2 
T , Some support f o r t h i s conclusion w i t h regard t o the background may 
1 1 
D " y D 
discussed p r e v i o u s l y . Furthermore, an i n d i c a t i o n t h a t a t l e a s t some of the 
be gathered from the poor T : T r a t i o f o r t h i s spectrum which has been 
i n t e n s i t y of the 400cm 1 and 447cm 1 peaks derives from the hydrogenous 
modes may, perhaps, be seen from INS studies of ethylene adsorbed on Agl3X 
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zeolite 4 , 5„ Here an unexplained f e a t u r e i n the "Low Coverage" C^D^ 
spectrum was found at 413cm 1. w h i l s t the T mode of the CD molecule 
-1 ^ was reported at 276cm , and the equ i v a l e n t C 2H 4 v i b r a t i o n i d e n t i f i e d a t 
-1 
418cm o 
I t i s worthwhile considering at t h i s j u n c t u r e the r e l a t i v e i n t e n s i t i e s 
of peaks assigned i n the BFD spectra of C H and CD adsorbed at Low 
2 4 2 4 
Overpressure, and the comparison between these, and those found f o r the 
analogous High Overpressure spectra,, i n the case of the BFD spectrum of 
1 2 
C^H. adsorbed a t Low Overpressure, the r a t i o T : T i s 4.556:1.000, 2 4 x H x R 
i n c o n t r a s t w i t h t h a t obtained f o r the equ i v a l e n t High Overpressure spectrum 
1 2 
(5.667:1,000). The i n t e n s i t y r a t i o s f o r ; evaluated from the 
spectra o f C^ti^ and C^D^ adsorbed at Low Overpressure are 4.833:1.000 and 
1.733:1.000 r e s p e c t i v e l y , as opposed to values from the High Overpressure 
spectra of 4.385:1.000 and 2.143:1.000. Although there are obviously 
great discrepancies between the data f o r adsorbed C 2H 4 and C 2 D4' i t seems 
reasonable t o p o i n t out tha t they are i n t e r n a l l y c o n s i s t e n t w i t h a r a t i o 
of S i t e 1: S i t e 2 .indicated from the CgH4 data of between 4.385:1.000 and 
5.667:1.000 (average approximately 5:1), and from the C 2D 4 data of between 
1,733:1.000 and 2.143:1.000 (average c a . 2 : l ) . Perhaps the reason f o r the 
i n t e r n a l consistency, t h e r e f o r e , a r i s e s from the f a c t s : 
( i ) t h a t the hydrogenous and deuterated spectra have been 
obtained on d i f f e r e n t spectrometers 
( i i ) t h a t as a c o r o l l a r y of ( i ) , the backgrounds assumed i n 
each case d i f f e r 
and ( i i i ) t h a t the s i t e r a t i o s may be predetermined by s l i g h t 
d i f f e r e n c e s i n the dehydration treatments to which the 
Ag A z e o l i t e samples were subjected p r i o r t o adsorption 
of c2H„ or C 2D 4. 
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3„ T-O-F Spectra of Ethylene Adsorbed onto Ag^A Z e o l i t e a t High Overpressure 
Considering the low energy data, the p(Q!s$) spectrum o f C ?H 4 adsorbed 
a t High Overpressure onto Ag 1 2A z e o l i t e ( d i a . ( x x i v ) ) d i s p l a y s three peaks 
-1 -1 -1 a t frequencies of 100.5+5.Ocm , 62.0+3.5cm and 139.5+7.5cm , w h i l s t 
an a d d i t i o n a l band(30.5+2.Ocm i s evident i n the analogous T-O-F spectrum 
( d i a . 6 ( x x i i i ) ) . Of these, the f i r s t and l a s t v i b r a t i o n s must be c o r r e l a t e d 
w i t h the peaks observed i n the e q u i v a l e n t IN4 spectrum ( d i a . 6 ( x x v ) ) at 
91.5+1.5cm 1 and 29.5+2.5cm 1 r e s p e c t i v e l y . However, the higher r e s o l u t i o n 
of the IN4 spectrometer shows t h a t the 62.0cm 1 t r a n s i t i o n derived from the 6H 
data i s , i n f a c t , comprised o f two bands at 71.0 +x.5cm 1 and 55.0+2,0cm 1 
(Table 6.8). 
A s i m i l a r p a t t e r n i s fo l l o w e d f o r C^D^ adsorbed at High Overpressure 
( d i a s . 6 ( x x v i ) - ( x x x i i ) ) , w i t h the lowest and second highest frequencies 
of the t r a n s i t i o n s found using 4H5/6H(126.5+6.0/130.5+7.Ocm 1 , 83 .5+3„5/87.5+4„5cm 
-1 -1 54.5+2.5/55.0+3.Ocm and 29.5+1.5/29.0+2.Ocm ) corresponding t o IN4 peaks 
s i t u a t e d a t 25.0+2.5cm 1 and 81.5+1.5cm 1 r e s p e c t i v e l y ( d i a . 6 ( x x x i i ) ) . I n 
t h i s case, the 54 .5+_2.5/55.0+3.0 cm 1 band di s p l a y e d i n the spectra obtained 
at Harwell i s resolved i n the IN4 r e s u l t s i n t o two v i b r a t i o n s o c c u r r i n g at 
58.0+2.Ocm 1 and 47.0+2.Ocm 1 . 
S t r a i g h t f o r w a r d c o r r e l a t i o n of the f i v e frequencies thus l o c a t e d gives 
r i s e t o the d e u t e r a t i o n s h i f t s shown i n Table 6.10. From these i t appears 
-1 -1 -1 
t h a t the s h i f t s observed f o r the t r a n s i t i o n s , 139.5cm 130.5cm , 91„5cm 
81.5cm"1 and 29.5cm" 1 "* 25.0cm" 1, o f 0.935+0.107, 0.891+0.031 and 0.847+0.172 
r e s p e c t i v e l y , are i n d i c a t i v e of those a n t i c i p a t e d f o r t r a n s l a t i o n a l modes 
(0.935). C o n f i r m a t i o n t h e r e f o r e seems to be given t o the assignment of the 
-1 -1 
shoulder o c c u r r i n g a t 111+lOcra /ll9+10cm i n the BFD spectrum of C^D^ 
adsorbed a t High/Low Overpressure t o the v i b r a t i o n expected t o be the 
4 5 
highest frequency of such modes ' , the symmetric s t r e t c h ( t ) o f ethylene 
r e l a t i v e t o the surface. The d e u t e r a t i o n s h i f t s o f the remaining bands. 
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71.0cro 1 ~o 58.0cm - 1 and 55.0cm"1 -» 47„0cnf1 (0„817+0.046 and 0.855+0.070 
r e s p e c t i v e l y ) appear to suggest an i d e n t i f i c a t i o n w i t h the v i b r a t i o n 
of ethylene (0.828 /0.838 ) . 
I n order t o check the assignments i n d i c a t e d above, i n t e n s i t y measurements 
have been made on the IN4 spectra, and the f o l l o w i n g r a t i o s obtained: 
C H Adsorbed at V cm"1 : 28,9 : 5S.7 : 70.4 : 90.9 2 4 
High Overpressure 
° Corrected 
(Angle 51.8°) I n t e n s i t y Ratio : 1.000 : 3.771 : 19.132 : 7.506 
1.000 5.073 ; 1.990 
2.549 : 1.000 
C„D Adsorbed a t V cm'1 : 24.6 : 46.6 : 56.8 : 82,6 
High Overpressure 
e Corrected 
(Angle 75.4°) I n t e n s i t y Ratio : 1.000 : 1.076 : 3.851 : 1.959 
1.000 : 3.580 : 1 0821 
1.966 :- 1.000 
I t w i l l be seen t h a t the i n t e n s i t y r a t i o of the 70.4cm 1 peak r e l a t i v e 
t o t h a t l o c a t e d at 90.9cm 1 i n the IN4 spectrum of C adsorbed a t High 
Overpressure i s s l i g h t l y smaller than the r a t i o p r e d i c t e d f o r the t o r s i o n 
1 * J T w i t h respect to a t r a n s l a t i o n a l mode (3.285:1.000 /3.037:1.000^ ) . This 
ZH 
trend i s also d i s p l a y e d by the r a t i o d e r i v e d from the e q u i v a l e n t t r a n s i t i o n s 
i n the IN4 spectrum o f C 2D 4 adsorbed at High Overpressure, 1.966:1.000, 
compared w i t h a n t i c i p a t e d values of 2.545:1.000 /2.410:1.000 . However, 
t h i s w i l l be discussed i n g r e a t e r d e t a i l l a t e r . More i m p o r t a n t l y , the 
c o r r e c t e d i n t e n s i t i e s show the two lowest frequency modes t o be of almost 
n e g l i g i b l e i n t e n s i t y compared w i t h the two bands at higher energy. This, 
o f course, r e i n f o r c e s the observations from the 4H5 and 6H PCo^) spectra 
where the two peaks are i n s i g n i f i c a n t f e a t u r e s . W h i l s t t h i s may be explained 
i n the case of the 55.7cm 1/46.6cm 1 band o f C D 4 adsorbed at High 
2 
Overpressure on the basis of an assignment to T ( i . e . t o the ethylene C^  
r o t a t i o n of the second s i t e ) , the l a c k of i n t e n s i t y of the lowest frequency 
i s more w o r r y i n g . I n order t o s u b s t a n t i a t e a c o r r e l a t i o n w i t h a t r a n s l a t i o n , 
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the i n t e n s i t y o f the 28.9cm 1/24.6cm 1 peak of C^^/C^^ adsorbed a t 
High Overpressure should be approximately one t h i r d of t h a t designated 
T
2 . ( I t i s scarcely conceivable t h a t a t r a n s l a t i o n a l mode of the 
second s i t e should be loca t e d , and the remaining t r a n s l a t i o n of S i t e 1 
prove impossible t o f i n d . ) However, two f a c t o r s are evident w i t h respect 
to the lowest frequency v i b r a t i o n t f i r s t l y t h a t the e r r o r bars of the 
po i n t s derived from the C H and CD spectra overlap, p o s s i b l y i n d i c a t i n g 
t h a t there i s i n f a c t no d e u t e r a t i o n s h i f t and, secondly, t h a t the i n t e n s i t y 
of t h i s frequency w i t h respect t o the other t r a n s i t i o n s perhaps depends on 
'sc a t t e r i n g angle as witnessed by the g r e a t e r than expected differences seen 
between the i n t e n s i t y r a t i o (measured at d i f f e r e n t angles) of the spectra 
of C 2H 4 and CgD^ adsorbed at High Overpressure. I t i s t h e r e f o r e possible 
t h a t t h i s band represents an a m p l i f i e d l a t t i c e mode. 
1 2 
Considering the r e l a t i v e i n t e n s i t i e s of T : T , values of 5,073:1.000 
° z z 
(C H data) and 3.580:1.000(0 D.data) have been obtained. The r a t i o thus 
found f o r the hydrogenous species i s i n close agreement w i t h values 
p r e v i o u s l y measured f o r the S i t e l ; S i t e 2 r a t i o from BFD spectra of 
C„H. adsorbed a t High and Low Overpressures. In c o n t r a s t , the r a t i o 
derived from the IN4 spectrum of C 2D 4 adsorbed at High Overpressure i s 
l a r g e r than those reported p r e v i o u s l y . ( I t i s , i n f a c t , intermediate 
between the values found from BFD spectra of CgD^ adsorbed at High and Low 
Overpressures and those suggested f o r adsorbed CgH^ from a l l sources.) 
The t r a n s l a t i o n s i t u a t e d a t 100.5cm 1/83.5-87„5cm 1 i n the P(of./3) 
spectra of C 2 H 4 / C 2 D 4 a d s o r D e d a t H i g h Overpressure appears to be "Q" 
dependent. The bands w i t h which t h i s t r a n s i t i o n has been c o r r e l a t e d i n 
the IN4 spectra (91.5cm 1C H /81.5 ) has, as mentioned p r e v i o u s l y , 
1 
s l i g h t l y g r e a t e r i n t e n s i t y r e l a t i v e t o the T v i b r a t i o n than i s expected. 
These observations may perhaps be explained i n two ways: e i t h e r as the 
r e s u l t of a combination band between the lowest and next to highest frequency 
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peaks d e r i v e d from the IN4 data, or as an overtone o f the t r a n s i t i o n assigned 
2 to T : z 
System Frequency of T r a n s i t i o n 
the Frequencies of the 
T r a n s i t i o n ( s ) 
Frequency Predicted 
f o r Combination 
6H or 4H5/IN4 Suggested t o Give Band/Overtone 
Rise t o Combination 
Band/Overtone 





\< (71.0+1.5cm~*+ 29.5i2.5cm' 1) 
2(55.0+2.Ocm" 1) 
-100.5i4.Ocm~ 1 
= 110.O±4,,0cnf 1 









=94.0+4.0cm _ 1 
CgD^ Adsorbed at 
"~ 1 High Overpressure 
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Of the two suggested explanations, the combination band appears more 
favoured from c o n s i d e r a t i o n of the frequencies i n v o l v e d . 
4. T-O-F Spectra of Ethylene Adsorbed onto Ag^A Z e o l i t e at Low Overpressure 
Turning now t o the T-O-F data f o r ethylene adsorbed a t Low Overpressure 
onto Ag A z e o l i t e (dias„6(xxxiii)-6(xxxix)), i t w i l l be seen t h a t the 
frequencies l o c a t e d and assignments derived f o l l o w c l o s e l y those f o r the 
High Overpressure s p e c t r a . These are shown, together w i t h the d e u t e r a t i o n 
s h i f t s observed, i n Table 6.10. 
Once more consi d e r i n g the i n t e n s i t i e s of the bands found from the IN4 
data leads t o the f o l l o w i n g r a t i o s : 
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C H Adsorbed at V cm"1 : 26.5 : 53.9 : 68.9 : 88.6 
Low Overpressure „ _ , 
Corrected 
(Angle 51.8°) I n t e n s i t y Ratio : 1.000 : 2.087 : 9.260 : 2.816 
1.000 : 4.436 : 1.349 
3.289 : 1.000 
C D Adsorbed at v cm 1 : 24.6 : 45.6 : 56.8 : 80.0 
Low Overpressure 
Corrected 
(Angle 75.4°) I n t e n s i t y Ratio : 1.000 ; 1.678 : 6.130 : 2.484 
1.000 : 3.652 : 1.480 
2.468 : 1.000 
The i n t e n s i t y r a t i o o f the band at 68.9 cm 1 r e l a t i v e t o t h a t s i t u a t e d 
a t 88.6cm 1 i n the IN4 spectrum of C^ H^  adsorbed at Low Overpressure 
(3.289:1.000) i s now almost i d e n t i c a l w i t h t h a t p r e d i c t e d f o r the t o r s i o n 
1 # / T r e l a t i v e t o a t r a n s l a t i o n a l mode (3.285:1.000 /3.037:1.000 7). 
ZH 
S i m i l a r l y , f o r C„D. adsorbed at Low Overpressure, the i n t e n s i t y r a t i o derived 
from the IN4 spectrum f o r the 56.8cm 1 peak w i t h respect t o t h a t a t 80.0cm 1 
1 
(2.468:1.000) compares very favourably w i t h t h a t a n t i c i p a t e d f o r T r e l a t i v e 
i D 
t o a t r a n s l a t i o n (2.545:1.000 /2.410-1.000 ) . 
As was found f o r the High Overpressure work, the lowest frequency 
v i b r a t i o n i s again of n e g l i g i b l e i n t e n s i t y w i t h respect t o the S i t e I modes. 
1 However, the S i t e l : S i t e 2 r a t i o , as c a l c u l a t e d from the i n t e n s i t i e s of T 
z 2 
r e l a t i v e t o are i n much c l o s e r agreement t o each other: 4.436:1.000 f o r 
^2 H4 a d s o r D e d a t L o w Overpressure, and 3.652:1.000 f o r the e q u i v a l e n t C^ D^  
spectrum. The value of the r a t i o i s , i n the case of C^D^ adsorbed at Low 
Overpressure, close t o t h a t obtained from the High Overpressure data (3.580:1.000) 
w h i l s t f o r CnH. adsorbed a t Low Overpressure, i t i s s i m i l a r t o the values 
2 4 
obtained from the analogous High Overpressure spectrum and BFD work. 
-1 -1 
The angular dependency of the 95.5cm /81.0cm band seen i n the 
P( d , /S ) spectra o f C0H./C0D adsorbed at Low Overpressure i s less s t r i k i n g 
than i n the High Overpressure spectra. Moreover, the i n t e n s i t y of the 
highest frequency IN4 derived t r a n s i t i o n i s no longer g r e a t e r than prediction,, 
301. 
I t i s , however, i n t e r e s t i n g t o check from the frequencies whether a combination 
band or overtone could e x i s t as suggested i n the High Overpressure case; 
System Frequency of the Transi t i o n 
Frequencies of the 
T r a n s i t i o n s Suggested 
Frequency Predicted 
f o r Combination 





















Again, the evidence from the frequencies i s t h a t any "Q" dependency found 
i n t h i s r e g i o n o f the spectrum would be l i k e l y t o r e s u l t from the presence 
o f a combination band. 
5. Conclusions 
I t appears from the data presented t h a t at l e a s t two s i t e s f o r ethylene 
a d s o r p t i o n are present on A g 1 2 A ze°Hte a f t e r employment o f the dehydration 
treatment described i n the experimental s e c t i o n . This i s i n c o n t r a s t to the 
82 
work of Kim and Seff , who tfor the ethylene s o r p t i o n complex of p a r t i a l l y 
decomposed Ag A z e o l i t e , found evidence of only one such s i t e s i t u a t e d i n 
the 6-rings '(S2*). Estimates of the r e l a t i v e numbers of the two s i t e s from 
i n t e n s i t y measurements have, as expected of comparisons between weak f e a t u r e s , 
proved extremely v a r i a b l e w i t h values ranging from 1.733:1.000 t o 5„667:1.000. 
I n f a i r n e s s , however, i t must be pointed out t h a t discrepancies i n the 
above r a t i o seem t o vary as a f u n c t i o n o f the i n d i v i d u a l z e o l i t e sample 
chosen, r a t h e r than as a f u n c t i o n of overpressure 0 This perhaps i s 
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i n d i c a t i v e t h a t the number of respective adsorption s i t e s have been 
predetermined as a r e s u l t of the dehydration treatment c a r r i e d out on each 
z e o l i t e sample p r i o r to adsorption, i n common w i t h the observations reported 
62-4 
by Kim and Seff 
I t f u r t h e r seems t h a t the occupancies of the res p e c t i v e adsorption s i t e s 
by ethylene have not been n o t i c e a b l y a f f e c t e d by the evacuation procedure 
28,86,87 
employed. This i s , of course, the converse of the f i n d i n g s of Yates e t al„, 
3-5 
and of Howard e t a l . f o r the AglSX-C^H^ adsorption system, but must be 
assumed t o r e f l e c t stronger i n t e r a c t i o n between ethylene and Ag A z e o l i t e . 
I t i s probable t h a t the dehydration c o n d i t i o n s used have not been severe 
enough to cause r e d u c t i o n of 8- r i n g s i l v e r ions ( S I ) , but may w e l l have 
caused the 4-ring ions (S3) to be reduced and consequently t o migrate. For 
78 79 
acetylene adsorbed on Na A z e o l i t e ' (Chapter V I I ) , i n which no m i g r a t i o n 
occurs, s i x acetylene molecules are found per Of cage. These bond p r e f e r e n t i a l l y 
to the 8- r i n g ( S I ) c a t i o n s , so t h a t a l l such s i t e s are occupied; the 
remaining acetylene molecules then complex w i t h three of the e i g h t cations 
present i n less favoured 6-ring (S2 ) s i t e s . I t appears reasonable t o 
suppose t h a t i n the case of the Ag^A z e o l i t e , samples studied i n t h i s work, 
the two adsorption s i t e s occupied w i l l have been those i n d i c a t e d from the 
N a l 2 A ~ S c e t y l e n e a c i s o rP' t : i- 0 r i system, i . e . s i t e s SI and S2 „ Below are shown 
r a t i o s S2 :S1 a n t i c i p a t e d of various occupancies of the respective s i t e s up 
to the maximum of e i g h t decreed f o r the former s i t e and three f o r the l a t t e r 
s i t e s 
S2* 
1 2 3 4 5 6 7 8 
1 1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000 
SI 2 0.500 1.000 1.500 2.000 2.500 3.000 3.500 4.000 
3 0.334 0.667 1.000 1.334 1.667 2.000 2.334 2.667 
A l l values are stated r e l a t i v e to SI = 1.000. 
I t may t h e r e f o r e be seen t h a t the experimentally determined r a t i o s seem 
303. 
t o i n d i c a t e occupancies o f s i t e s S2:S1 of between 5:3 and 5.5:1. The 
mode value ( o f approximately 4:1), however, corresponds to an S2*:S1 r a t i o 
of 8:2 which would suggest the r e d u c t i o n of one 8-r i n g ( S I ) c a t i o n ( as 
w e l l as the 4 - r i n g (S3) cation),, and occupation of a l l other a v a i l a b l e s i t e s , 
D. B a r r i e r C a l c u l a t i o n 
104 
Work c a r r i e d out on Zeise's s a l t has shown the p o t e n t i a l f u n c t i o n s 
d e s c r i b i n g the C t o r s i o n of ethylene ( T ) to be of the form (Chapter I V ) : 
V V 
V(0) = — ( l - c o s 29) +-j (1-cos 49) 
This may be approximated by a one parameter f u n c t i o n f o r V ( 6 ) i f the 
assumption i s made t h a t V =V : ^ 4 o 
V 
V(9) = -y [(1-cos 29) + (1-cos 4 9 ) ] 
This f u n c t i o n has a ground s t a t e minimum at 6=0, a metastable minimum 
at 9=17/2. and a maximum at 9 =0.5 cos 
max 
\-0.25). 
The second d e r i v a t i v e w i t h respect t o 6 of the equation above i s 
equal to the force constance, k„ Therefore s u b s t i t u t i o n f o r k i n the 
Harmonic O s c i l l a t o r Approximation y i e l d s : 
i f 5 v s5 
«- ? 
where I i s the reduced moment of i n e r t i a of the R 
ethylene molecule 
1 2 n -1 Employing the assigned frequencies f o r ^ z and T z of 71.0cm and 
55.0cm 1 ( C 2 H 4 a d s o r D e d a t High Overpressure), and 68,5cm 1 and 54.0cm 1 
<' C2 H4 a d s o r b e d a t L o w Ovepressure), values f o r V* o f 3.59+0.15kJ mol 1 and 
of 2.15+0.l6kJmol 1 may be determined from the former data, and values 
l - 1 2 -1 f o r V o f 3.34+0.15kJ mol and V of 2.08+0.16kJ mol from the l a t t e r o — o — 
-1 -1 
data. These compare w i t h b a r r i e r heights of 23.6kJmol and 14.32kJmol 
c a l c u l a t e d r e s p e c t i v e l y f o r Zeise's s a l t 1 0 4 and the complex AgNO^.^C^VL^'5, 
-1 
and 1.14kJmol evaluated f o r ethylene adsorbed at Low Coverage on Agl3X 
4 5 z e o l i t e ' „ 
304. 
Appendix: S t r u c t u r a l Data Used i n the C a l c u l a t i o n of Moments o f I n e r t i a 
Moments of i n e r t i a o f ethylene about the three p r i n c i p a l axes have 
been c a l c u l a t e d from the co-ordinates l i s t e d below f o r the two models of 
the complexed molecule: 
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For both models,, the 
s h o r t e r than t h a t o f C-H. 
C-D band l e n g t h has been assumed t o be 0.01A* 
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CHAPTER V I I 
THE SILVER EXCHANGED TYPE A ZEOLITE-ACETYLENE ADSORPTION SYSTEM 
A„ Background 
1. S t r u c t u r a l I n v e s t i g a t i o n s of Acetylene Adsorbed on Type A Z e o l i t e s 
Although s t r u c t u r a l data s p e c i f i c a l l y r e l a t i n g to an Ag^A-acetylene 
s o r p t i o n complex are absent from the l i t e r a t u r e , s i n g l e c r y s t a l determinations 
1 2 3 4 have been published of acetylene adsorbed on sodium ' and on manganese s 
4 
and cobalt-exchanged type A z e o l i t e s . 
I n the i n v e s t i g a t i o n i n v o l v i n g N a ^ A (the only one of the above-
mentioned studies which has employed a "wholly exchanged" form of type A 
z e o l i t e ) , the sample was dehydrated, p r i o r to adsorption of acetylene at a 
pressure of 650 Torr, by means of evacuation at 3 x 10 ^ Torr and 350°C 
f o r 48 hours. 
The p o s i t i o n s of the cations i n dehydrated, uncomplexed, sodium type 
5 6 
A z e o l i t e 5 have been described more f u l l y elsewhere (Chapter V I ) , but 
i n o u t l i n e they are: e i g h t occupying 6-rings (S2 ) , three located i n 
8-rings ( S i ) , and a t w e l f t h d i s t r i b u t e d s t a t i s t i c a l l y over twelve 4-ring 
(S3) s i t e s . Upon the i n t r o d u c t i o n of acetylene, three gas molecules were 
found t o coordinate l a t e r a l l y and symmetrically w i t h three of the 6-ring 
o 
sodium ions at a distance of 2.8 A, thereby causing these cations to 
migrate f u r t h e r i n t o the a cage (S2 ) . I t proved more d i f f i c u l t , however, 
i n view of the c o n s t r a i n t of experimental r e s o l u t i o n , to define c o n c l u s i v e l y 
the d i s t r i b u t i o n of a f u t h e r three acetylene molecules which were adsorbed. 
Accordingly several models were put forward. Of these, the one most 
co n s i s t e n t w i t h c r y s t a l l o g r a p h i c data suggested t h a t the three gas molecules 
4- 0 o 
were e q u i v a l e n t , each i n t e r a c t i n g asymmetrically (Na -C = 3.0 A and 2.6 A) w i t h an 
8-ring sodium i o n (SI) ( d i a s . 7 ( i ) and 7 ( i i ) ) . I t was thought, however, 
t h a t the 4 - r i n g c a t i o n (S3), which would be expected to be the most 
s u i t a b l e f o r complexation, had " d i s r u p t e d the s t r u c t u r e to some ext e n t " , 
D i a . 7 ( i ) . The Na.^ A - a c e t y l e n e S o r p t i o n Complex ( a f t e r Amaro and S e f f s ) «, 
I n t h i s d i a g r a m t h e c a t i o n s i t e s N a ( l ) , Na(2) and Na(3) 
c o r r e s p o n d t o those d e n o t e d S2 , S I and S3 r e s p e c t i v e l y 
i n t h e t e x t . 
C_3 O 
83 03 
mi a. PL-UMS o 
02 01 
5 
Nfi3 K32 «a2 
CI 
0 C2 C2 
o 
D i a . 7 ( i i ) . S t e r e o v i e w o f t h e Na A - a c e t y l e n e S o r p t i o n Complex ( a f t e r 
2 
Amaro and S e f f ) . I n t h i s d i a g r a m , c a t i o n s i t e s N a l , Na2 
•A. 
and Na3 c o r r e s p o n d w i t h t h o s e d e n o t e d S2~, S I and S3 
r e s p e c t i v e l y i n the t e x t . 
and t h a t one ( o r p o s s i b l y two) o f t h e t h r e e a c e t y l e n e m o l e c u l e s a s s o c i a t e d 
w i t h t h e 8 - r i n g s i t e s a l s o made a s y m m e t r i c a l approach t o t h i s l o n e i o n 
(Na -C = 2.6 A ) . I n s u p p o r t o f t h i s b e l i e f i t was p o i n t e d o u t t h a t t h e 
4 - r i n g sodium i o n had moved a p p r o x i m a t e l y 0.9 A f r o m i t s p o s i t i o n i n 
312. 
d e h y d r a t e d Na^A, presumably as the r e s u l t o f p a r t i c i p a t i o n i n some k i n d o f 
b o n d i n g . 
A n o t h e r modeL c o n s i d e r e d perhaps t h e more r e a s o n a b l e , proposed t h a t one 
a c e t y l e n e m o l e c u l e was a s s o c i a t e d b o t h s y m m e t r i c a l l y w i t h the 4 - r i n g c a t i o n 
(Na -C = 2.6 A ) , and s i m u l t a n e o u s l y a s y m m e t r i c a l l y w i t h a sodium i o n i n an 
8 - r i n g s i t e (Na +-C = 2.6 and 3.0 A ) } w h i l s t t h e two o t h e r a c e t y l e n e m o l e c u l e s 
bonded s y m m e t r i c a l l y t o t h e r e m a i n i n g 8 - r i n g c a t i o n s (Na +-C = 2.6 A). I n 
a l l the models, a c e t y l e n e - s o d i u m i o n i n t e r a c t i o n was suggested t o t a k e 
p l a c e by l a t e r a l V b o n d i n g . 
Two f u r t h e r i m p o r t a n t f a c t s emerge fr o m t h e s t r u c t u r a l i n v e s t i g a t i o n : 
( i ) t h a t a l l t h r e e 8 - r i n g c a t i o n s complex, w h i l s t o n l y t h r e e o u t o f 
e i g h t 6 - r i n g i o n s bond ( i n d i c a t i n g t h a t c o - o r d i n a t i o n w i t h t h e 
f o r m e r s i t e s i s more e n e r g e t i c a l l y f a v o u r a b l e t h a n w i t h t h e l a t t e r ) . 
( i i ) t h a t , a c c u r a c y i n d e t e r m i n a t i o n a s i d e , t h e C^ C bond l e n g t h s o f 
o o 7 
a p p r o x i m a t e l y 1.0 A are n o t much s h o r t e r t h a n f o r t h e gas (1.2 A ) . 
The two a d d i t i o n a l c r y s t a l s t r u c t u r e s t u d i e s , w h i c h have been c a r r i e d 
3 4 
o u t on z e o l i t e - a c e t y l e n e a d s o r p t i o n systems have employed Mn^ 5^3^ * 
4 
and Co.Na.A. A l t h o u g h i n b o t h z e o l i t e s a l l c a t i o n s occupy 6 - r i n g p o s i t i o n s , 
i t was f o u n d i n t h e s o r p t i o n complexes t h a t o n l y the t r a n s i t i o n m e t a l i o n s 
bonded t o a c e t y l e n e ( d i a s . 7 ( i i i ) and 7 ( i v ) ) . T h i s i n t e r a c t i o n was 
s y m m e t r i c a ^ c a u s i n g the complexing i o n s t o move t h r o u g h the p l a n e o f 
the 6 - r i n g i n t o the 0 / cage (S2 ), and adopt t e t r a h e d r a l c o - o r d i n a t i o n . 
C o i n c i d e n t i a l w i t h t h i s movement ( i n o r d e r t o ensure t h a t the optimum 
d i s t r i b u t i o n o f c a t i o n i c charge was m a i n t a i n e d ) , the sodium i o n s r e t r e a t e d 
i n t o the s o d a l i t e c a v i t i e s (S2'),and i n so d o i n g presumably p r e v e n t e d 
t h e approach o f a c e t y l e n e m o l e c u l e s . 
I n b o t h s o r p t i o n complexes, l a t e r a l 77 i n t e r a c t i o n between the c a t i o n 
and a c e t y l e n e was seen t o take p l a c e , w i t h the C^ C bond l e n g t h s i m i l a r t o 
D i a . 7 ( i i i ) . S t e r e o v i e w o f t h e Mn. cNa„A-acetylene S o r p t i o n Complex 
( a f t e r R i l e y and S e f f ^ ) 
0(3) 013) 
0L HL NH 
1 Oil) oiai 0(2) s 
5 5 
CO CO 
D i a . 7 ( i v ) . S t e r e o v i e w o f t h e Co^Na^A-acetylene S o r p t i o n Complex 
( a f t e r R i l e y and S e f f 4 ) . 
t h e gaseous v a l u e . Comparable w i t h t h e f i n d i n g s f o r t h e Na . ^ A - a c e t y l e n e 
system, t h e a c e t y l e n i c c a r b o n atoms were l o c a t e d a t d i s t a n c e s f r o m t h e 
314. 
t r a n s i t i o n m e t a l i o n s i n t h e manganese and c o b a l t complexes o f 2.63 A and 
2.54 A r e s p e c t i v e l y ( d i a . 7 ( v ) ) . A l s o c l o s e l y f o l l o w i n g t h e s t u d y o f t h e 
s o r p t i o n complex o f sodium t y p e A z e o l i t e , ^ t h e n e a r e s t C-H 0 approach 
o 
was d e t e r m i n e d t o be a t l e a s t 3.0 A, and hence the p o s s i b i l i t y o f b o n d i n g 
between a c e t y l e n e and t h e framework was c o n s i d e r e d u n l i k e l y . 
G (3) 
R L l i a 
0 (3) MN 





Dia.7(v)„ C o - o r d i n a t i o n E n v i r o n m e n t s o f M n ( l l ) and C o ( l l ) i n t h e 
Mn. rNa_A and Co.Na,A-acetylene S o r p t i o n Complexes 4.5 3 4 4 ^ J 
( a f t e r R i l e y and S e f f ) . 
2. S p e c t r o s c o p i c I n v e s t i g a t i o n s o f Z e o l i t e - A c e t y l e n e A d s o r p t i o n Systems 
W h i l s t s p e c t r o s c o p i c s t u d i e s have n o t been c a r r i e d o u t o f a c e t y l e n e 
a d s o r b e d on s i l v e r exchanged t y p e A z e o l i t e , i n f r a r e d and Raman d a t a a r e 
+ + -J- 2+ 2+ a v a i l a b l e f o r t h e L i , Na , K', Mg and Ca exchanged t y p e A z e o l i t e -
8 -f- + + + 2+ 2+ 2+ a c e t y l e n e systems, and f o r t h e L i , Na , K , Cs , Mg , Ca and Ba 
9 
exchanged t y p e 13X z e o l i t e - a c e t y l e n e systems. 
I n b o t h t h e i n v e s t i g a t i o n s above, samples were h e a t e d t o an u l t i m a t e 
t e m p e r a t u r e o f 500°C i n 300 mmHg o f oxygen ( i n o r d e r t o " b u r n o u t f l u o r e s c e n c e " ) 
b e f o r e e v a c u a t i o n a t room t e m p e r a t u r e t o 10 ^  T o r r . A f t e r a d s o r p t i o n o f 
a c e t y l e n e t o 650 mmHg, a l l s p e c t r a were r e c o r d e d a t ambient t e m p e r a t u r e , 
315. 
e x c e p t f o r Raman measurements o f the l i t h i u m exchanged z e o l i t e s (where l i q u i d 
n i t r o g e n t e m p e r a t u r e was necessary i n o r d e r t o p r e v e n t l a s e r - i n d u c e d 
d e s o r p t i o n o f a c e t y l e n e ) . 
g 
C o n s i d e r i n g f i r s t l y t h e s t u d y i n v o l v i n g t y p e A z e o l i t e s , i t was found 
2+ 2+ 
t h a t complete d e s o r p t i o n o f a c e t y l e n e f r o m t h e Ca and Mg exchanged 
forms c o u l d be a c h i e v e d by e v a c u a t i o n f o r f i v e m i n u t e s a t room t e m p e r a t u r e . 
I n t h e case o f N a ^ A j the l e n g t h o f t i m e r e q u i r e d had t o be i n c r e a s e d t o 
one ho u r , w h i l s t f o r 57^4 23^' n e a t t r e a t m e n t a t 200°C was n e c e s s i t a t e d 
f o r " s e v e r a l h o u r s " . 
I n no spectrum were bands l o c a t e d w h i c h c o u l d be a t t r i b u t e d t o c a t i o n -
a c e t y l e n e i n t e r a c t i o n . The s t u d y o f the i n t e r a c t i o n process was t h e r e f o r e 
r e s t r i c t e d t o c o n s i d e r a t i o n o f changes w h i c h were seen t o have t a k e n p l a c e 
between t h e v i b r a t i o n a l s p e c t r a o f the adsorbed and gaseous a c e t y l e n e 
m o l e c u l e s ( T a b l e 7.1). 
On z e o l i t e s exchanged w i t h sodium and c a l c i u m , the m u t u a l e x c l u s i o n 
p r i n c i p l e was f o u n d no l o n g e r t o a p p l y t o the a c e t y l e n e m o l e c u l e , w i t h 
a l l f i v e f u n d a m e n t a l f r e q u e n c i e s o b s e r v a b l e i n b o t h i n f r a r e d and Raman 
s p e c t r a . The l o w e r i n g o f the D symmetry o f t h e m o l e c u l e thus i m p l i e d , 
and t h e change i n f r e q u e n c y o f y i n the s p e c t r a o f the a d s o r p t i o n complexes 
(compared w i t h a c e t y l e n e g a s ) , were t a k e n t o i n d i c a t e t h a t bonding t o t h e 
s u r f a c e had t a k e n p l a c e . However, the s h i f t i n t» was n o t c o n s i d e r e d 
s u f f i c i e n t l y l a r g e as t o suggest t h a t t he a c e t y l e n e m o l e c u l e had ceased 
t o be l i n e a r . 
Two modes o f i n t e r a c t i o n a r e c o n c e i v a b l e f o r a c e t y l e n e adsorbed on 
z e o l i t e s : "end on" v i a hydrogen bo n d i n g between the a c i d i c p r o t o n s o f t h e 
a c e t y l e n e m o l e c u l e and framework oxygen atom, and " s i d e on" r e s u l t i n g from 
o v e r l a p o f a c e t y l e n e ' s 77 system w i t h a c a t i o n . S t u d i e s o f a c e t y l e n e on 
alumina have shown b o t h schemes t o e x i s t , ^ "end on" i n t e r a c t i o n g i v i n g r i s e 
t o an i n c r e a s e i n the f r e q u e n c y o f the C=C s t r e t c h i n g mode r e l a t i v e t o gaseous 
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a c e t y l e n e , and " s i d e on" c a u s i n g a r e d u c t i o n i n f r e q u e n c y . I n t h e t y p e A 
g 
z e o l i t e - a c e t y l e n e systems s t u d i e d by Tarn e t a l . s t h e r e was a u n i v e r s a l 
l o w e r i n g i n f r e q u e n c y o f t h e mode i n d i c a t i n g " s i d e on" i n t e r a c t i o n . 
T h i s i s o f course i n a c c o r d w i t h t h e X-ray s t r u c t u r a l d a t a o f Amaro and 
1 2 
S e f f 5 d e s c r i b e d e a r l i e r f o r a c e t y l e n e adsorbed on Na-^A z e o l i t e , b u t i n 
c o n t r a d i c t i o n w i t h t h e work o f T s i t s i s h v i l i e t a l . 1 6 These a u t h o r s , i n 
2+ 2+ 2+ 
t h e i r i n f r a r e d i n v e s t i g a t i o n o f a n d C 2 D 2 a d s o r b e d o n C o » N i » ^ > 
. 2.1. -|~ 2"4~ 2-f* 2H~ Na , Ca and H exchanged t y p e A and Co , N i and Mn exchanged type X 
z e o l i t e s , found no v i b r a t i o n , and t h i s , t o g e t h e r w i t h t h e f r e q u e n c i e s 
t h e y r e c o r d e d f o r Vy caused them t o p o s t u l a t e "end on" i n t e r a c t i o n . 
From t h e r e l a t i v e l o w e r i n g i n f r e q u e n c y o f i> between the gaseous s t a t e 
and a d s o r p t i o n complex C^^) , t n e s t r e n g t h o f t h e c a t i o n - a c e t y l e n e i n t e r a c t i o n 
g 
may be seen. T h i s i s a f u n c t i o n o f a t l e a s t t h r e e v a r i a b l e s : 
( i ) t h e e x t e n t o f t h e s h i e l d i n g o f t h e c a t i o n by the framework. 
( i i ) t h e r e p u l s i o n between t h e a c e t y l e n e 7T system and t h e n e g a t i v e l y 
charged framework. 
( i i i ) t h e e l e c t r o s t a t i c a t t r a c t i o n between the v o r b i t a l s o f a c e t y l e n e 
and t h e c a t i o n . + + + The i n c r e a s e i n Av^ o n g°i n8 fr o m L i t o Na and t o K exchanged 
forms o f z e o l i t e A ( T a b l e 7.1) was t h e r e f o r e reasoned t o r e s u l t f r o m c a t i o n s 
o f l a r g e r i o n i c r a d i u s b e i n g i n c r e a s i n g l y l e s s w e l l screened ( e i t h e r w i t h i n 
t h e same s i t e ( d i a . 7 ( v i ) ) o r by o c c u p a t i o n o f a l t e r n a t i v e s i t e s o f lower 
s h i e l d i n g ) , as t h e t r e n d was p l a i n l y c o n t r a r y t o the o r d e r o f p o l a r i s a t i o n 
power. 
g 
For t h e N a ^ A a d s o r p t i o n system, i / appeared d i s t i n c t l y asymmetric 
i n t h e Raman spectrum, e n a b l i n g the band c o n t o u r t o be r e s o l v e d i n t o 
peaks a t 1954 cm ^ amd 1949 cm \ t h a t a t 1954 cm ^ b e i n g t h e more 
i n t e n s e . T h i s r e s u l t was a g a i n b e l i e v e d t o be i n agreement w i t h t he X-ray 
1 2 
work o f Amaro and S e f f , ' i n w h i c h two o r p o s s i b l y t h r e e d i f f e r e n t 
a d s o r p t i o n s i t e s were l o c a t e d , and i t was suggested t h a t t h e l e s s i n t e n s e 
318. 
rtykng molecule =^~^  
Lr ^ w ^ 
S2 S2 
D i a . 7 ( v i ) . D i a g r a m a t i c R e p r e s e n t a t i o n o f t h e L i m i t i n g Cases 
f o r t h e I n t e r a c t i o n o f A c e t y l e n e w i t h t h e C a t i o n S i t e S2 
8 
o f a Type A Z e o l i t e ( a f t e r Tam e t a l . ) . 
band p r o b a b l y r e s u l t e d f r o m i n t e r a c t i o n o f a c e t y l e n e w i t h t h e e n e r g e t i c a l l y 
more f a v o u r a b l e s i t e S I c a t i o n s , w h i l s t t h e h i g h e r f r e q u e n c y peak r e p r e s e n t e d 
i n t e r a c t i o n i n v o l v i n g s i t e S2 c a t i o n s . 
g 
A n o r m a l c o o r d i n a t e a n a l y s i s was a t t e m p t e d on the Na^A and 
Ca^ ^5^ a3 7^ systems assuming a 1:1 i n t e r a c t i o n between c a t i o n and adsorbed 
s p e c i e s . The f o r c e c o n s t a n t s between t h e c a t i o n and a c e t y l e n e were 
chosen a r b i t r a r i l y i n each case, and t h e i r i n f l u e n c e t e s t e d on t h e i n - p l a n e 
s t r e t c h i n g modes w h i c h were c o n s i d e r e d t o be t h e most s e n s i t i v e . From 
- 1 - 1 t h e s e c a l c u l a t i o n s , f r e q u e n c i e s o f 46 cm ( N a ^ A ) and 4 1 cm ( C a ^ 15^3 7 ^ 
were o b t a i n e d f o r a c e t y l e n e - c a t i o n v i b r a t i o n a l i n t e r a c t i o n s . However, 
th e s e must n e c e s s a r i l y be o f d o u b t f u l a c c u r a c y as t h e y have been d e r i v e d 
f r o m o b s e r v e d f r e q u e n c i e s w h i c h were v e r y much l a r g e r . 
S i m i l a r r e s u l t s were r e p o r t e d f o r p a r a l l e l s t u d i e s o f a c e t y l e n e adsorbed 
9 
on exchanged t y p e 13X z e o l i t e s , a l t h o u g h a l l Raman s p e c t r a o f t h e s e systems 
p r o v e d t o be o f much l o w e r i n t e n s i t y t h a n t h e i r t y p e A e q u i v a l e n t s , a l l o w i n g 
o n l y %>2 t o ^ e o b s e r v e d . Once more, t h e a c t i v i t y o f i n t h e i n f r a r e d 
s p e c t r u m showed i n t e r a c t i o n t o have t a k e n p l a c e , and as b e f o r e bond s t r e n g t h 
319, 
c o u l d be c o r r e l a t e d b o t h w i t h t h e s h i f t o f t o lower f r e q u e n c y , and 
presumed c a t i o n s c r e e n i n g e f f e c t s ( T a b l e 7.2). I t was thus c o n c l u d e d t h a t 
t h e i n c r e a s e d s h i f t s (Au^) observed f o r t h e a l k a l i metal-exchanged typ e 
4- + + 
13X z e o l i t e systems ( i n t h e o r d e r Na -o K -» Cs ) were i n d i c a t i v e o f the 
i n c r e a s e d placement o f c a t i o n s ( o f s u c c e s s i v e l y g r e a t e r i o n i c r a d i u s ) 
w i t h i n p o o r l y screened s i t e I I and I I I p o s i t i o n s ; w h i l s t t h e v a l u e s f o r 
t h e a l k a l i n e e a r t h m e t a l and l i t h i u m - e x c h a n g e d z e o l i t e s were r e p r e s e n t a t i v e 
o f t h e s i t u a t i o n o f w e l l s h i e l d e d c a t i o n s w i t h i n s i t e I I ' l o c a t i o n s . 
( T h e r e i s a d i s c u s s i o n o f c a t i o n l o c a t i o n s i n type 13X z e o l i t e s , and the 
no m e n c l a t u r e a s s o c i a t e d w i t h them, i n Chapter V I . ) 
Table 7.2 C o r r e l a t i o n o f I o n i c Radius w i t h t he Frequency (cm ) o f 
the y Mode f o r a S e r i e s o f C a t i o n Exchanged Type 13X 
9 
Z e o l i t e - a c e t y l e n e Systems. 
C a t i o n i c Form o f 
t h e Type 13X Z e o l i t e 
7» i o n 
exchange 
C a t i o n i c r a d i u s ^ 
(A) 
, - 1 f 2 ( c m ) 
L i + 60 0.60 1958 
+ 
Na - 0.95 1954 
K + 90 1.33 1952 
C s + 70 1.69 1951 
M g 2 + 54 0.65 1956 
C a 2 + 87 0.99 1958 
B a 2 + 87 1.35 1956 
As seen i n the i n v e s t i g a t i o n i n v o l v i n g Na A, ^ n t n e spectrum o f t h e 
9 
Na 13X-ac e t y l e n e complex was found t o d i s p l a y asymmetry t o lower wavenumber. 
T h i s was a g a i n a s c r i b e d t o a c e t y l e n e i n t e r a c t i o n t a k i n g p l a c e on two s i t e s , 
i n t h i s case the lower f r e q u e n c y band b e i n g a s s i g n e d t o s i t e I I I i n t e r a c t i o n . 
A complementary INS s t u d y t o t h a t u n d e r t a k e n o f the A g l 3 X - e t h y l e n e 
17-19 19 20 system has been made o f a c e t y l e n e adsorbed on Agl3X z e o l i t e . ' 
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322. 
Z e o l i t e samples were p r e p a r e d a n a l o g o u s l y t o those o f t h e e t h y l e n e s t u d y 
and s p e c t r a measured a t one o v e r p r e s s u r e (40 T o r r ) o f a c e t y l e n e 
( C 2 H 2 and C 2 D 2 ) . 
I n v i e w o f the s m a l l amount o f s p e c t r o s c o p i c d a t a a v a i l a b l e f o r s i m p l e 
complexes c o n t a i n i n g a c e t y l e n e , and the c o m p l e t e absence o f any INS s t u d i e s , 
18 19 21-23 
known INS d a t a f o r e t h y l e n e - c o n t a i n i n g complexes 5 ' and t h e Agl3X-
17-19 
e t h y l e n e system were used as guidance i n assignment. V i b r a t i o n a l 
a n a l y s i s was a l s o a s s i s t e d by p r e d i c t e d i n t e n s i t y r e l a t i o n s h i p s and 
20 
d e u t e r a t i o n s h i f t s c a l c u l a t e d on t h e b a s i s o f two models f o r t h e adsorbed 
~ o 
a c e t y l e n e m o l e c u l e ; ( i ) l i n e a r and ( i i ) w i t h an HCC bond angle o f 170 . 
F r e q u e n c i e s were i d e n t i f i e d c o r r e s p o n d i n g t o t h e t h r e e t o r s i o n a l 
v i b r a t i o n s , T > T and T , o f a c e t y l e n e r e l a t i v e t o t h e s u r f a c e , and t o t h e x y z 
h i n d e r e d t r a n s l a t i o n t ( d i a . 7 ( v i i ) and T a b l e 7 . 3 ) . S i m i l a r l y t o t h e h i g h 
z 
coverage e t h y l e n e - A g l 3 X c o m p l e x , ^ s p l i t t i n g ( t h r o u g h i n t e r a c t i o n between 
n e i g h b o u r i n g s i t e s ) w a s observed o f t h e t o r s i o n a l mode, T z » o f a c e t y l e n e 
about an a x i s drawn between t h e c a t i o n and t h e c e n t r e o f t h e C=C bond. 
P r o o f o f t h e n o n - l i n e a r i t y o f t h e a c e t y l e n e m o l e c u l e i n t h e complexed f o r m 
was f u r n i s h e d by t h e appearance o f T i n t h e INS spectrum. 
x 
19 20 
I n v e s t i g a t i o n was a l s o a t t e m p t e d o f t h e N a l 3 X - a c e t y l e n e system ' 
b u t (as had been p r e v i o u s l y found w i t h INS s t u d i e s o f t h e N a l 3 X - e t h y l e n e 
system ' ^) r e s o l u t i o n p r o v e d poor and no c o n c l u s i o n s c o u l d be drawn, save 
t h a t a c e t y l e n e was p r o b a b l y l i n e a r i n t h i s complex, and t h a t t h e d i f f u s i v e m o t i o n 
o f a c e t y l e n e adsorbed on t h e s u r f a c e o f sodium 13X z e o l i t e was n o t as marked 
as f o r e t h y l e n e . 
B. E x p e r i m e n t a l 
Ag^ 2A z e o l i t e was p r e p a r e d and degassed as d e s c r i b e d i n Chapter V I . 
Upon d e h y d r a t i o n , t h e z e o l i t e powder was t r a n s f e r r e d , under vacuum, i n t o 
an a l u m i n i u m sample c e l l ( C h a p t e r I I I ) , and t h e INS spectrum o f t h e c e l l 
p l u s z e o l i t e measured f o r use as a "background". A c e t y l e n e gas, e i t h e r 
323. 
c y l i n d e r C 2H 2 ( > 99.9% p u r i t y ) o r C 2D 2 s u p p l i e d by Merck, Sharp and Dohme 
L t d . (99 atom % D), was t h e n a d m i t t e d i n t o t h e sample c e l l ( a t room t e m p e r a t u r e ) 
v i a a g l a s s b r e a k e r s e a l , and adsorbed a t an o v e r - p r e s s u r e o f a p p r o x i m a t e l y 
450 T o r r . A f t e r a d s o r p t i o n was comp l e t e , t h e c e l l and z e o l i t e were 
ev a c u a t e d t o "backing-pump p r e s s u r e " ( t y p i c a l l y f o r a c o u p l e o f m i n u t e s ) 
and t h e spectrum re-measured. 
The e x p e r i m e n t a l d e t a i l s r e l a t i n g t o t h e r e c o r d i n g o f th e INS s p e c t r a 
o f t h e A g ^ A - a c e t y l e n e a d s o r p t i o n system are summarised below: 
Gas "Backing-Pump P r e s s u r e " / R e s i d u a l O v e r - p r e s s u r e o f Gas I n s t r u m e n t Temperature 
C 2H 2 
C 2H 2 
C 2D 2 
C 2 D 2 
0.01 T o r r 
0.10 T o r r 
0.15 T o r r 








l i q . N, 
Except where s t a t e d s p e c i f i c a l l y t o th e c o n t r a r y , a l l s p e c t r a shown i n 
t h i s c h a p t e r have had a background c o r r e s p o n d i n g t o t h e sample c e l l p l u s 
d e h y d r a t e d Ag-^A z e o l i t e s u b t r a c t e d . 
Peak r e s o l u t i o n and t h e measurement o f INS i n t e n s i t i e s have been c a r r i e d 
o u t u s i n g a Du Pont Curve R e s o l v e r . Assuming t h e backgrounds i n d i c a t e d 
on t h e s p e c t r a , Gaussians have been p l a c e d , i n t h e f i r s t i n s t a n c e a t 
observed t r a n s i t i o n s , b u t where necessary a t e n e r g i e s i n d i c a t e d f r o m t h e 
f o r m o f t h e t o t a l bandshape. The peak areas thus g e n e r a t e d have been 
v a r i e d t o a c h i e v e a " b e s t f i t " w i t h the o v e r a l l band p r o f i l e , and t h e 
r e s u l t a n t i n t e n s i t y r a t i o measured. T h i s has t h e n been compared ( d i r e c t l y 
i n t h e case o f r a t i o s o b t a i n e d f r o m BFD s p e c t r a , b u t a f t e r s u i t a b l e 
2 
c o r r e c t i o n f o r "Q " and f r e q u e n c y i n t h e case o f v a l u e s d e r i v e d from T-O-F 
da t a ( C h a p t e r I I ) ) w i t h the i n t e n s i t y r a t i o s p r e d i c t e d on t h e b a s i s o f 
th e suggested assignments. 
324 
C. D i s c u s s i o n o f R e s u l t s 
The txtfo l o w e s t f r e q u e n c y i n t e r n a l v i b r a t i o n s o f s o l i d phase C^R^ have 
- 1 12 been l o c a t e d a t r e s p e c t i v e l y 747.5-768.8 cm (v^, i n f r a r e d ) and ca. 
- 1 14 
626 cm ( l ^ , Raman). S i m i l a r l y , f o r s o l i d C^D^, i n f r a r e d s p e c t r a have 
shown t h e t v band t o be p r e s e n t i n t h e r e g i o n 552,4-567.5 cm \ and 2p t o 
- 1 12 
occur a t 1057.5 cm . To lower f r e q u e n c i e s , measurements c a r r i e d o u t on 
p o l y c r y s t a l l i n e a c e t y l e n e have i n d i c a t e d t h a t t h e h i g h e s t energy l a t t i c e 
v i b r a t i o n s a c t i v e i n the i n f r a r e d spectrum a r e s i t u a t e d a t 122 cm ^ ( ^ ^ ^ 
- 1 24 
and 118 cm (C^D^), w h i l s t Raman da t a ( f o r c r y s t a l l i n e C^E^ o n l y ) have 
- 1 14 
e s t a b l i s h e d t h e e x i s t e n c e o f an a d d i t i o n a l l a t t i c e mode a t 171-7 cm 
From t h e p r e c e d i n g , i t appears r e a s o n a b l e t o assume t h a t v i b r a t i o n s observed 
i n t h e INS s p e c t r a o f the Ag^A- a c e t y l e n e a d s o r p t i o n system above ca. 200 cm ^ 
b u t below a p p r o x i m a t e l y 550 cm ^ f o r s t u d i e s i n v o l v i n g C^H^ ( o r below 
a p p r o x i m a t e l y 450 cm ^ i n t h e case o f i n v e s t i g a t i o n s e m p l o y i n g ^2^2^3 m u s t 
c o r r e s p o n d t o modes o f t h e a c e t y l e n e m o l e c u l e r e l a t i v e t o t h e s u r f a c e . I n 
o r d e r t o a i d i d e n t i f i c a t i o n o f such v i b r a t i o n s , use w i l l be made o f p r e d i c t e d 
i n t e n s i t y r a t i o s and d e u t e r a t i o n s h i f t s c a l c u l a t e d p r i m a r i l y on the b a s i s 
o f t h r e e models f o r the adsorbed a c e t y l e n e m o l e c u l e : 
25 
( i ) a l i n e a r f o r m ( s t r u c t u r a l d a t a from the c r y s t a l l i n e s t a t e ) 
( i i ) t h e s t r u c t u r e p o s t u l a t e d by I w a s h i t a f o r t h e C^H^ m o i e t y i n t h e 
26 complex Co o(C0),.C„H„. I o i l 
( i i i ) t h e geometry assumed by Howard and Waddington f o r C2^2 a ^ s o r ^ e c ^ 
19,20 
on Agl3X z e o l i t e . 
F u r t h e r m o r e , i n vie w o f t h e l a c k o f d e f i n i t e i n f o r m a t i o n c o n c e r n i n g t h e 
c o n f i g u r a t i o n a c t u a l l y adopted by t h e a c e t y l e n e m o l e c u l e adsorbed on A g ^ A 
z e o l i t e , a d d i t i o n a l d a t a r e l a t i n g t o d e u t e r a t i o n s h i f t s and i n t e n s i t y r a t i o s 
have been c a l c u l a t e d from the l a t t e r two models em p l o y i n g t h e bond l e n g t h 
p arameters o r i g i n a l l y assumed, b u t w i t h v a r i o u s v a l u e s s u b s t i t u t e d f o r the 
CCH bond a n g l e . T h i s i n f o r m a t i o n i s g i v e n i n Ta b l e s 7.4 and 7.5 and i s 
r e p r e s e n t e d g r a p h i c a l l y i n d i a s . 7 ( v i i i ) - ( x i ) . 
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The INS spectra obtained f o r the s i l v e r A z e o l i t e - a c e t y l e n e adsorption 
system are shown i n d i a s . 7 ( x i i ) - ( x v i ) , and the spectroscopic frequencies 
derived from these are summarised i n Table 7.6. 
Considering i n i t i a l l y the BFD data (dis„7(xii) and ( x i i i ) ) , the two 
highest energy peaks i n the spectrum of C^D^ adsorbed onto Ag^A z e o l i t e 
(549 cm ^ and 602 cm ^) may be assigned, bearing i n mind preceding discussion, 
to the lowest frequency i n t e r n a l acetylene modes and r e s p e c t i v e l y . 
-1 - 1 1 ? As p r e v i o u s l y s t a t e d , these occur at ca. 529 cm and 552.4-567.5 cm 
i n the i n f r a r e d spectrum of s o l i d ^2^2 and thus the movement to higher 
frequency observed f o r the bands i n the adsorbed species as opposed to the 
s o l i d phase i s i n the r e g i o n of 20 cm * f o r v^, and ~ 50 cm ^ f o r Vy The 
former s h i f t i s approximately of the order reported f o r C^ H^  adsorbed on 
g 
a l k a l i metal and a l k a l i n e e a r t h metal-exchanged type A z e o l i t e s (Table 7.1), 
w h i l s t the l a t t e r increase i n frequency i s very much g r e a t e r , and i s comparable 
i n magnitude w i t h the s h i f t s o f the V. and ve bands found f o r the Agl3X-C„H„ 
4 5 2 2 
19 20 
adsorption complex ' (Table 7.3). 
To lower energy, a t r a n s i t i o n at 315 cm ^ i n the BFD spectrum of the 
Ag^A zeolite-C2D2 adsorption system must, i n view of the s p e c t r a l r e g i o n 
i n which i t i s located, represent a v i b r a t i o n of acetylene r e l a t i v e to the 
z e o l i t e surface. Consideration of the work c a r r i e d out on the complex 
Co2(C0) . '^2^2 ^Chapter V) imp l i e s t h a t the highest frequency (and most intense) 
adsorbate-surface mode would be expected t o be T , the t o r s i o n a l mode 
x 
about an axis running p a r a l l e l to the C=C bond ( d i a . 7 ( v i i ) ) . Indeed, a 
s i m i l a r trend has been noted i n INS studies of ethylene and acetylene 
18" 20 
adsorbed onto Ag 13X z e o l i t e , and of ethylene adsorbed onto Ag,„A z e o l i t e 
(Chapter V I ) . C o r r e l a t i o n of the 315 cm ^ band w i t h t h a t of highest energy, 
and by f a r the g r e a t e s t i n t e n s i t y , i n the BFD spectrum of C^E^ adsorbed onto 
Ag-^A z e o l i t e (382/377 cm ^ ) , however, gives r i s e to a d e u t e r a t i o n s h i f t 
of 0.825 ± 0.044/0.836 ± 0.045. This compares unfavourably w i t h the 
s h i f t s p r e d i c t e d f o r the v i b r a t i o n by a l l models which assume complexed 
336. 
acetylene t o be non - l i n e a r (ca. 0,741). Furthermore, the frequency of the 
-1 1" 382/377 cm ' peak i s considerably less than t h a t assigned to T i n the 
=1 19 20 
study of C^H^ adsorbed onto Agl3X z e o l i t e (523 cm ). * Conversely,, 
H 
the p o s i t i o n o f the band i s i n the reg i o n of the spectrum i n which the T 
mode has been located i n INS i n v e s t i g a t i o n s of C 2 H4 adsorbed onto Agl3X 
z e o l i t e ' and Ag^A z e o l i t e (Chapter VI) (418 cm and 417/419 cm 
r e s p e c t i v e l y ) ; w h i l s t evidence from the BFD spectrum of Co^CO^.C^H^ 
po s s i b l y i n d i c a t e s t h a t the v i b r a t i o n i s to be found to lower frequency 
(797 cm \ Chapter V) i n acetylene complexes than i n those c o n t a i n i n g 
~1 -1 27 ethylene, f o r example Zeise's s a l t (1180 cm ) and Zeise's dimer (1176 cm ) . 
Taking i n t o account p a r t l y the l a t t e r f a c t o r s , but more e s p e c i a l l y the gre a t 
i n t e n s i t y o f the 382/377 cm peak, i t appears t h a t an i d e n t i f i c a t i o n w i t h 
i s unavoidable ( t h e c o r o l l a r y o f t h i s being t h a t the acetylene, molecule 
must be no n - l i n e a r i n the adsorbed s t a t e ) . However, i n order to e x p l a i n 
the smaller than expected d e u t e r a t i o n s h i f t of t h i s mode i t must be suggested 
t h a t there i s a l a r g e r c o n t r i b u t i o n from carbon motion than would be expected 
from the simple d e s c r i p t i o n of a t o r s i o n . Perhaps, t h i s may best be 
r a t i o n a l i s e d as the r e s u l t o f r o t a t i o n of the complexed C^H^ and C^ D^  molecules 







S t y l i s e d "Side-on" View of the Acetylene Molecule Co-ordinated W i t h i n 
Ag 1 2A Z e o l i t e 
Surface-acetylene modes i n v o l v i n g hydrogeneous and deuterated species w i l l 
be denoted by the r e s p e c t i v e s u b s c r i p t "H" or "D", e.g. T w i l l be the 
v i b r a t i o n T of C 2H 2. H 
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A peak observed at 241 cm"1 i n the BFD spectrum of adsorbed on Ag^A 
z e o l i t e appears to c o r r e l a t e w i t h a f e a t u r e s i t u a t e d at 198 cm 1 i n the 
spectrum of the deuterated species. The d e u t e r a t i o n s h i f t i m p l i e d i s 
t h e r e f o r e 0.822 ± 0.071. These bands are also represented i n T-O-F 
data ( d i a s . 7 ( x i v ) - ( x v i ) ) , at 235.5 cm"1 (.C^E) and 200.5 cm"1 (C V ), 
the d e u t e r a t i o n r a t i o i n d i c a t e d i n t h i s case being 0.851 ± 0.104. Both 
d e u t e r a t i o n s h i f t s are close to t h a t a n t i c i p a t e d of the mode T (0.852 / 
y 
•h 44 t 
0.889'/0.852"). However, the frequency i m p l i e d f o r the T v i b r a t i o n , 
yH 
w h i l s t comparable w i t h those reported f o r the anologous modes of ^^^i* a^sor^ec^ 
onto Agl3X z e o l i t e 1 8 ' 1 9 (258 cm"1) and Ag A z e o l i t e (278 cm"1: ChapterVl), 
i s considerably higher than t h a t i d e n t i f i e d f o r a c * s o r b e d onto Agl3X 
19 20 " 1 
z e o l i t e ' ' (150 cm ) . Nevertheless the p o s i t i o n of t h i s band i n the spectrum 
i s again i n broad agreement w i t h INS work c a r r i e d out on acetylene (Chapter V) 
18 19 
and e t h y l e n e - c o n t a i n i n g complexes, ' i n which the v i b r a t i o n was 
suggested to be the second highest frequency of the s i x acetylene/ethylene 
t r a n s l a t i o n a l and t o r s i o n a l modes a f t e r T • 
x 
The i n t e n s i t y r a t i o s of the bands T (377 cm ^) to T (241 cm 1 ) and 
- i 
T (315 cm ) to T (198 cm ) c a l c u l a t e d assuming the backgrounds 
XD yD 
in d i c a t e d ( ) are 6.750:1.000 and 5.667:1.000, w h i l s t the p r e d i c t e d 
4 44 
values f o r the hydrogenous and deuterated species are 3.300:1.000 /2.388:1.000 
4 44 
and 2.058:1.000/1.540:1.000 r e s p e c t i v e l y . I t may t h e r e f o r e be seen t h a t 
the observed i n t e n s i t y of the v i b r a t i o n i s considerably less than t h a t 
a n t i c i p a t e d . However, t h i s f i n d i n g i s very much i n accordance w i t h the 
experimental i n t e n s i t i e s derived from the BFD spectrum of the complex 
Con (CO),.. C„H„ (Chapter V), where the T mode was found t o be so much weaker 2 6 2 2 y 
than p r e d i c t i o n t h a t i t s i n t e n s i t y was not only the l e a s t ( r a t h e r than the 
i n t e r m e d i a t e ) of the three t o r s i o n s , T , T and T , but was also only s l i g h t l y 
x y z J 
f 
I n forthcoming discussion, the s u p e r s c r i p t s *, •/ and 44 w i l l r e f e r to the 
d e u t e r a t i o n s h i f t s or i n t e n s i t y r a t i o s p r e d i c t e d on the basis of the three 
modefs f o r the co-ordinated acetylene molecule, t h a t i s ( i ) a Linear Geometry," 
( i i ) the c o n f i g u r a t i o n of I w a s h i t a ^ ^ a n d ( i i i ) the s t r u c t u r e of Howard and 
Waddington. 1 9 ^ ° 
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grea t e r than those of the t r a n s l a t i o n a l modes, t , t and t . ° x y z 
S i m i l a r l y , w i t h ethylene-containing complexes, f o r example Zeise's s a l t 
18 19 
and dimer, a the antisymmetric s t r e t c h of the ethylene molecule r e l a t i v e 
to the platinum atom ( T ) has been seen t o d i s p l a y i n t e n s i t y comparable w i t h 
t h a t of the symmetric s t r e t c h ( t ^ ) , r a t h e r than the greater i n t e n s i t y 
p r e d i c t e d (Chapter V). 
The remaining bands i n the BFD spectra of a n d C2°2 a d s o r b e d onto 
Ag^A z e o l i t e are perhaps best considered i n con j u n c t i o n w i t h the T-O-F 
data ( d i a s . 7(»iv)-(xvi)) i n which they are b e t t e r resolved. U n f o r t u n a t e l y , the 
f a i l u r e to o b t a i n a reasonable P(a,jS) spectrum f o r adsorbed C^D^ tends t o 
preclude a discussion of the r e l a t i v e i n t e n s i t i e s of the t r a n s i t i o n s observed 
f o r t h i s species i n the long wavelength region. Indeed, i t i s necessary t o 
t r e a t a l l frequencies derived f o r adsorbed C^D^ from neutron energy g a i n 
spectra as being somewhat less accurate than those stat e d f o r C^I^, a v > 3 
r e s u l t of the d i f f i c u l t y experienced when reading peak p o s i t i o n s from a 
Time-of~Flight scale. 
The T-O-F r e s u l t s premit r e s o l u t i o n of the second most intense f e a t u r e i n 
the BFD spectrum of the Ag^A zeolite-C^H^ adsorption system (72 cm ) i n t o 
three bands, namely those s i t u a t e d at 56.5 ± 3.0 cm \ 87.5 ± 4.5 cm 1 and 
130.0 ± 7,5 cm ^. Likewise, i n the case of &2®2 a ^ s o r b e ^ o n t o ^8j_2^ z e o l i t e , 
the BFD peak at 68 cm 1 may be seen to r e s u l t from frequencies of 25.0 ± 1.5 cm 
53,0 2.5 cm 1 and 80.5 ± 3.5 cm \ w h i l s t a band equivalent to t h a t observed 
a t 111 cm 1 i n the BFD spectrum may be d i s t i n g u i s h e d at 129.5 ± 6.0 cm ^. I t 
seems reasonable to c o r r e l a t e the three peaks derived from the T-O-F spectrum 
of the hydrogenous species w i t h the three highest energy modes observed i n the 
comparable C^ D^  spectrum. The d e u t e r a t i o n s h i f t s thus i n d i c a t e d are 
0.938 ± 0.099 (56.5 •* 53.0 cm" 1), 0.920 ± 0.092 (87.5 -& 80.5 cm"1) and 
0.996 ± 0.110 (130 -o 129.5 cm" 1). Both the former and l a t t e r s h i f t s are of a 
magnitude s i m i l a r to those a n t i c i p a t e d f o r t r a n s l a t i o n a l modes of the 
339. 
acetylene molecule r e l a t i v e to the surface (0.964). Howevers the 87.5 -o 80.5 
= 1 
cm frequency, by v i r t u e of the i n t e n s i t y i t displays i n P(o , s^) spectra 
of the Ag^A zeolite-C^H^ adsorption system s must represent the remaining 
u n i d e n t i f i e d t o r s i o n a l mode, T ( d i a . 7 ( v i i ) ) , the i m p l i e d d e u t e r a t i o n s h i f t 
* -h H~ 
corresponding w i t h p r e d i c t i o n s f o r t h i s mode of 0.852 /0.911 /0.853 
I t i s noteworthy t h a t the frequency of T i n the spectrum of C^H. 
adsorbed on Ag^A z e o l i t e i s s u b s t a n t i a l l y higher than the corresponding 
- 1 - 1 19 20 v i b r a t i o n s i d e n t i f i e d from the AglSX-C^H^ (2 7 cm and 53.5 cm ) ' and 
-1 -1 -1 17-19 
AglSX-C^H^ (22 cm and 56 cm High Coverage: 39.5 cm Low Coverage) 
adsorption systems, but not too d i s s i m i l a r from t h a t found f o r T 1 i n the 
case of C^V.^ adsorbed on Ag^A z e o l i t e (68.5-71.0 cm ^: Chapter V I ) . 
A d d i t i o n a l l y , i n c o n t r a s t w i t h the Agl3X systems studied by INS spectroscopy 1'' 
but i n common w i t h the Ag^2A~C2H^ adsorption system, there appears to be 
no evidence f o r the T z mode being s p l i t as a r e s u l t of i n t e r a c t i o n between 
adsorbed molecules present on neighbouring s i t e s . 
I t i s not, u n f o r t u n a t e l y , s t r i c t l y p o s sible to compare the i n t e n s i t i e s 
of T and T v i b r a t i o n s i n the BFD spectrum of C-H adsorbed onto Ag A 
z e o l i t e because the former band encompasses the lowest frequency acetylene 
t r a n s l a t i o n a l mode, suggested from the T-O-F data t o occur at 56.5 cm 1. 
However, i f the c o n t r i b u t i o n of the l a t t e r peak i s ignored, the r a t i o 
T x : T2 obtained i s 2.00:1.00, which compares w i t h c a l c u l a t e d r a t i o s of 
H H •+ -H-4.426 ± 1.000 and 2.403:1.000 . The i n t e n s i t y r a t i o of the frequencies -1 -1 -1 56.5 cm ( t ) : 8 7 . 5 cm ( T ) : 130.0 cm ( t ) may also be determined employing 
the P(o's^) spectrum (angle 45°) f o r C2H2 adsorbed onto Ag^A z e o l i t e . The 
values r e s u l t i n g , 1.218:4.090:1.000, correspond w i t h those p r e d i c t e d of 
1.000:5.026:1.000^, 1.000: 2. 711: l.OOO'7' and 1.000:5.003:1.000"^. 
Of the remaining features which are as y e t undiscussed, t h a t located 
at 174 cm"1 (BFD)/161.0 ± 9.5 cm"1 (P(«,/3)) i n the INS spectrum of C ^ 
adsorbed onto Ag^A z e o l i t e may be associated w i t h the shoulder s i t u a t e d 
340. 
at 172 cm i n the BFD spectrum of the deuterated species. The d e u t e r a t i o n 
s h i f t thus derived (from the BFD spectra) i s 0 .989 ± 0 . 1 2 1 , which compares 
favourably w i t h t h a t expected f o r a t r a n s l a t i o n a l mode of acetylene r e l a t i v e 
to the surface (0 . 964 ) . , Following the INS f i n d i n g s f o r Co^CO) &. C ^ 
(Chapter V) and f o r Zeise's s a l t and d i m e r , ^ s ^ t h i s , the highest 
frequency t r a n s l a t i o n a l v i b r a t i o n , may be assumed to represent the 
a c e t y l e n e - s i l v e r symmetic s t r e t c h , t ^ . However, once more, the frequency 
designated t appears more r e l a t e d to t h a t found from INS studies c a r r i e d out 
on the Ag 1 2 A-C 0H^ system (139.5-141.0 cm 1, Chapter V I ) , than t h a t located i n 
19 20 -1 
the analogous Agi3x-C2H2 system ' (86 cm ) . On the basis of the above 
assignments, the i n t e n s i t y r a t i o of t r e l a t i v e to T , measured from the 
P(cv,)§) spectrum (angle 45°) of adsorbed onto Ag^A z e o l i t e , i s 
1.000 :3.864, which compares reasonably w i t h p r e d i c t i o n s of 1.000:5.026 , 
1.000:2 .711^ and 1.000 :5.003"^. 
The f i n a l f e a t u r e unassigned, located at 25.0 ± 1.5 cm * i n the T-O-F 
spectrum of C^D^ adsorbed onto Ag^A z e o l i t e , has no obvious analogue i n 
e i t h e r the T-O-F or ~P(as^) spectra i n v o l v i n g the hydrogenous species. I n 
view of the l i m i t e d data a v a i l a b l e f o r t h i s band, i t must be assumed to 
represent a l a t t i c e mode. 
I n conclusion, i t appears t h a t the acetylene molecule adsorbed onto 
Ag^A z e o l i t e adopts a non-linear geometry, evidence f o r t h i s coming from 
the appearance of the T mode i n the INS spectrum. I n c o n t r a s t w i t h the 
r e s u l t s obtained f o r the analogous system using ethylene (ChapterVI), there 
i s no apparent evidence f o r the existence of a second adsorption s i t e . 
However, t h i s statement should perhaps be q u a l i f i e d w i t h respect to the 
q u a l i t y of the data obtained f o r t h i s system, and the admission t h a t the 
very broad band designated T possesses a long " t a i l " s i m i l a r to tha t seen 
XH 
f o r the equivalent mode i n the Ag ^ A - e t h y l e n e adsorption system (and which 
2 has been suggested to i n d i c a t e the presence of a second adsorption s i t e ( T ) x 
341. 
t o higher frequency (Chapter V I ) ) . This l a c k of an a d d i t i o n a l adsorption 
s i t e i s very much at variance w i t h the f i n d i n g s of s i n g l e c r y s t a l work 
1 2 
c a r r i e d out on the Na^A-acetylene adsorption system by Amaro and Seff, ' 
and Raman and i n f r a r e d spectroscopic studies of acetylene adsorbed on several 
8 
a l k a l i metal and a l k a l i n e e a r t h metal type A z e o l i t e s by Tam et a l . Both 
of these i n v e s t i g a t i o n s have i n d i c a t e d the presence of at l e a s t two adsorption 
s i t e s w i t h i n the z e o l i t e framework corresponding to l o c a t i o n s Si and S2 . 
D. B a r r i e r C a l c u l a t i o n 
I n the absence of i n f o r m a t i o n concerning the p o t e n t i a l f u n c t i o n (V(9)) 
d e s c r i b i n g the r o t a t i o n of C^ H^  about the s i l v e r i o n i n the Ag^A adsorption 
complex, the simplest model f o r V(6) w i l l be used i n the c a l c u l a t i o n of 
b a r r i e r h eight. Thus f o l l o w i n g Chapter V, i n which the b a r r i e r to the 
r o t a t i o n of C„H i n the complex Co_(CO)..C„H_ was determined, the form 11 l o l l 
V 
V(9) = -y ( 1 - cos 26) 
w i l l be employed. This p o t e n t i a l f u n c t i o n has no metastable w e l l , but 
o o possesses a minimum at 9 = 0 , and a maximum at 9 = 90 . 
The second d e r i v a t i v e w i t h respect to 6 of the above equation i s equal 
to force constant, k. Therefore s u b s t i t u t i o n f o r k i n ths Harmonic 
O s c i l l a t o r Approximation y i e l d s : 
V .„R. 
w = - KIT J 
where I i s the reduced moment of R 
i n e r t i a of the acetylene group 
Employing the assignment T = 87,5 cm \ a value f o r V of 19.08 ± 
z o 
2.01 kJ mol 1 i s obtained using the s t r u c t u r e suggested f o r the adsorbed 
19 20 
acetylene molecule by Howard and Waddington, 5 w h i l s t t h a t c a l c u l a t e d 
2 6 
on the basis of the Iwashita c o n f i g u r a t i o n f o r the adsorbed species i s 
19.84 ± 2.09 kJ mol 1. These compare w i t h values of 55-59 kJ mol 1 
determined f o r the r o t a t i o n a l b a r r i e r f o r acetylene i n the complex 
Co (C0),.C H (Chapter V), and 1.14 kJ mol" 1 and 3.34-3.59 kJ mol" 1 ( T 1 ) / 2 6 2 2 z -1 2 2.08-2.15 kJ mol ( T ) derived f o r the b a r r i e r s to the r o t a t i o n of ethylene z 
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adsorbed on r e s p e c t i v e l y Agl3X (Low C o v e r a g e ) 1 8 ' 1 9 and Ag^A (Chapter V I ) 
f 
z e o l i t e s . I n the l a t t e r two cases, however, a more complex model has 
been used f o r the p o t e n t i a l f u n c t i o n x^hich has y i e l d e d values of 5V Q 
r a t h e r than V as outlinedabove (Chapter V I ) . 
I n c o n t r a s t w i t h the studies c a r r i e d out on the Agl3X-C0H. adsorption 17-19 ^ ^ system, no measurements have been made of C2H2 adsorbed onto Ag13X 
z e o l i t e at "Low Coverage". No data t h e r e f o r e e x i s t concerning the b a r r i e r 
t o r o t a t i o n of acetylene i n the absence of i n t e r a c t i o n between molecules 
adsorbed onto neighbouring s i t e s , and hence i t i s not possible to make 
s t r a i g h t f o r w a r d comparison w i t h the b a r r i e r h e i g h t derived f o r the Ag^2A-C2H, 
adsorption system. 
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APPENDIX: S t r u c t u r a l Data Used i n t h e C a l c u l a t i o n o f Moments o f I n e r t i a 
Moments o f i n e r t i a o f a c e t y l e n e about t h e t h r e e p r i n c i p a l axes have 
been c a l c u l a t e d f r o m t h e c o - o r d i n a t e s l i s t e d below f o r t h e t h r e e models o f 
th e complexed m o l e c u l e : 
( i ) L i n e a r Form ( s t r u c t u r a l d a t a f r o m t h a t o f Sugawara and Kanda f o r 
25 
t h e c r y s t a l l i n e s t a t e ) : 
Hx+1. 650 Dx+1.640 
y o. 000 y 0.000 
z 0„ 000 z 0.000 
Cx+0. 600 Cx+0. 600 
y o . 000 y 0.000 
z 0. 000 z 0.000 
Cx-0. 600 Cx-0.600 
y o . 000 y 0.000 
z 0. 000 z 0.000 
Hx-1. 650 Dx-1.640 
y 0. 000 y 0.000 
z 0. 000 z 0.000 
( i i ) S t r u c t u r e p o s t u l a t e d by I w a s h i t a f o r t h e a c e t y l e n e m o i e t y I n 
9 f\ 

























( i i i ) Geometry assumed by Howard and Waddington f o r a c e t y l e n e adsorbed 

























For a l l t h r e e models„ t h e C-D bond l e n g t h has been assumed 
0.01 A s h o r t e r t h a n t h a t o f C-H. 
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CHAPTER V I I I 
ORGANOMETALLIC COMPLEXES CONTAINING BENZENE 
As a p r e c u r s o r t o l a t e r INS i n v e s t i g a t i o n o f bensene adsorbed on 
z e o l i t e and m e t a l s u r f a c e s , i t was c o n s i d e r e d a d v i s a b l e t o s t u d y m e t a l -
benzene i n t e r a c t i o n s i n s e v e r a l s i m p l e systems whose s t r u c t u r e s were w e l l 
d e f i n e d , and whose " c o n v e n t i o n a l " s p e c t r o s c o p i c p r o p e r t i e s were w e l l known. 
B e a r i n g i n mind t h e s e c r i t e r i a , t h e compounds chosen f o r s t u d y were 
C r ( C _ H . ) 0 and C r ( C . H _ ) 0 I and C,H,.Cr(CO)_ and C,H,Mn(Co) „Br. 6 6 2 6 6 2 o o 3 6 6 3 
A ° C r ( C 6 H 6 ) 2 and Cr(CgH ) . , ! 
1„ I n t r o d u c t i o n : Cr(C 1? ) _ 
6 o 2, 
a) The S t r u c t u r e o f Cr(C„H„) 0 
b o Z 
The f i r s t c r y s t a l s t r u c t u r e d e t e r m i n a t i o n o f Cr(C„H„) O J, c a r r i e d 
6 6 2 
1 
o u t by Weiss and F i s c h e r i n 1956 , e s t a b l i s h e d t h a t t h e u n i t c e l l was 
c u b i c ( u n i t c e l l edge = 9„ 67+0„03A>) and c o n t a i n e d f o u r m o l e c u l e s (dia„8(i))„ 
9 t 
1 
0 2 k 6 & 10 A 
d i a 0 8 ( i ) The U n i t C e l l o f C r ( C c H „ ) 0 a f t e r Weiss and F i s c h e r ' 
34 8. 
6 The space g r o u p i n d i c a t e d , Pa3~T , suggested a centro3ymmetric sandwich 
+ 
s t r u c t u r e f o r t h e i n d i v i d u a l m o l e c u l e s and, on t h e a s s u m p t i o n t h a t t h e s e 
possessed D_, symmetry ( d i a . 8 ( i i ) a ) , bond l e n g t h s were d e r i v e d f o r C-C and Gh 
Cr-C o f 1,38+0.05$ and 2.19+0.1o£ r e s p e c t i v e l y ( T a b l e 8„1) 
a) b) (c) 
d i a . 8 ( i : . ) Three Models w h i c h have been Proposed f o r t h e S t r u c t u r e 
o f Cr(C H„)_ ( a f t e r F r i t z e t a l . ) 
O O <£ 
I n model ( a ) b o t h t h e benzene l i g a n d s , and t h e 
m o l e c u l e as a w h o l e , possess D symmetry. 
6h 
( b ) b o t h t h e benzene l i g a n d s , and t h e m o l e c u l e 
as a whole, possess D symmetry. 
( c ) each benzene l i g a n d i s o f D symmetry, 
w h i l s t t h e symmetry o f t h e complex i s D„.„ 
3 d 
S u b s e q u e n t l y , an i n f r a r e d i n v e s t i g a t i o n o f Cr(C Hg),., by F r i t z and L u t t k e 
3 
( 1 9 5 9 ) c o n c l u d e d t h a t s i x - f o l d symmetry was n o t , i n f a c t , p r e s e n t and 
propos e d t h a t t h e m o l e c u l a r symmetry be amended t o ( d i a s 8 ( i i ) b and 
8 ( i i ) c ) . However, t h e same i n v e s t i g a t o r s soon a f t e r w a r d s changed t h e i r 
i n t e r p r e t a t i o n o f t h e s p e c t r u m as a r e s u l t o f an i n f r a r e d and Raman s t u d y 
c o ncerned m a i n l y w i t h C r ( C g H g ) 2 I , p o s t u l a t i n g D g h symmetry f o r b o t h 
C r ( C 6 H 6 ) 2 and C r ^ H ^ + 4 S i m i l a r l y , Snyder ( 1 9 5 9 ) , i n h i s assignment 
o f t h e i n f r a r e d s p e c t r u m o f s o l i d CriC^H^)^, assumed t h e m o l e c u l a r symmetry 
t o be D 6h° 
A s h o r t w h i l e l a t e r ( 1 9 6 0 ) , t h e c o n t r o v e r s y was re-opened by t h e 
p u b l i c a t i o n o f a r e f i n e d X-ray c r y s t a l s t r u c t u r e ( R e l i a b i l i t y i n d e x , R=0.063) 
by J e l l i n e k ( T a b l e 8 . 1 ) . A l t h o u g h t h i s c o n f i r m e d t h e g r o s s f e a t u r e s o f 
Each m o l e c u l e a t s i t e symmetry S 




t=> & 1 © a o 
(=>• •=3 Q s=> 3 © f> 3 1 I 
e , 5" © D 
o 3 © & o GJ e, © ss o o © n y o e 0 o 
9 3 E> 
e »• fi CD n ft fi Sr* 
e 
y y 
9 a R, o 0 >=>• 
Q 
•a •3 5" ^ * M 
0 a (3 £? 
"S • <=> 
a 1 
t=> 
B 3" © 0 & 
ta to a 0 © O o ff Q, e> (ft r» m i i " c o r> c {-< 
E) eg «"» 
CD 0 Q, 
a 0 a o 
"i 3- Ki «> Q 
•s *3 B 0 © in 
m & © 














CO 3 e 
o H- B> 3 H 






*i O *i 
o 
do
 K> 0 
Ki 
>1 H) u». 
s o 3 
t-> 0 
•1 G) El 3 ca e> Cli 0 K> 10 3 P M- r* 6 3 1 
3 0 .Q o 






0 H-» cr C. 
CD 
CD © O 
CO a Ml c r> 1 Mj 3 









® 3 o F> 1 (-*• 
e> r> 3 
* UI 
e> 
3 3 5" 
CP) 0 
r r r? O 
































o > n 
o 3 
D. 
Q o a 
f) i to 
B O B 
^•3 3 
c o 1 °0 » 
)-• 
B 0 3 K > 0 
















« 0 »-> 
>>• 













to 'T t-< 
* o u> 
u> 01 
fp Co 
& i a CD til 
o H- Ui 3 • "1 cn D-
o n> 










cn l — l—' CO 
CO CO CO en 
CO cn to CO CO 
1 + 1 + 1 + 1 + 1 + O O O O O 






CO H, 1 ft) 
N3 to 
cn t—' CO t—' CO CO o 02 
CO 00 to ~) ai 
1 + 1 + 1 + 1 + 1 + o O O o O 
b b O o O 
t- • w 
o to to 
S o >o > o 
o o 
0 Hi 












to to o 
ai r— £. CO o 
co CO CO CJl o> to (O 00 ~4 CO + 1 + i + 1 + i + O o O O o 
b b O o b 
o i—' 










(-* ^3 to f— 
cn CO 
.^ CO to <Tl CO to CT> C71 
1 + 1 + 1 + 1 + 1 + O 
O O O o O • o 
O Q Q o b 
5 o O 1— w co 














05 I—' o CO (—' 
1—• Ol K i to 3 



































5) CO £> 
D © 
•g 
i o O D sr 
D m s=> o G S 1 H a 5* ta o (f> e & D & 
N> e O 0 n 0 
& a 
£3 e <=> to n £3 5- y 
Q 
a a (0 ca 
a ta 























K j B) 
N- •1 




3 O S 




13 & CA 
<=> 
o- H O & 
D 3 
& 3" a 
o 










(=•• 3 © e> 0. 




a. n O 














o o a 
t— 
H tn 
0 el-a o Da >>• 3 3 
% <V 8 
s> 0 
3 
(9 B K j ffi & O 
u 
&3 © o 3 






g i n 
o 
© 
3-O cr a 
H-
t—' o H- K, 
< I-
1—« 3 





to N5 M 
D a o 
CD i— CO 
Q N3 to 00 
~J a i EO [—' 1 + 1 + 1 + 1 + 1 + 
o o O o o 
b g b o 










O V! I- CT 
« ) (0 
O O jC f t 











































o o to to I--
0 o « o 
cr> 
O *. M CD CO O 1 + 1 + 1 + H- 1 + o O o O o 













to to t-i 
0 O • o 0 0 o o o Cn O 
ce CO to O 
cn - J Si + | + 1 + 1 + 1 + 1 + 1 + o o o O O o o o o 0 Q o 0 
O M o O O o O cn Q to CO CO cn cn 


































t h e s t r u c t u r e as r e p o r t e d by Weiss and F i s c h e r ( e . g . u n i t c e l l edge = 9.667$), 
t h e m o l e c u l a r symmetry was found t o d i f f e r d i s t i n c t l y f r o m D g h J w i t h t h e benzene 
l i g a n d s , w h i l s t p l a n a r , p o s s e s s i n g a l t e r n a t e C-C bond l e n g t h s o f 1.353+0.014$ 
and 1.439+0.014$. These d i s t a n c e s , i t was argued, were v e r y s i m i l a r t o 
t h o s e e x p e c t e d f o r r e s p e c t i v e l y d o u b l e and s i n g l e bonds between carbon 
2 
atoms w i t h sp h y b r i d i s a t i o n , and hence D symmetry appeared t o be p r o v e n 
(dia„8(ii)c)„ However, J e l l i n e k ' s f i n d i n g s were i n t u r n r e b u t t e d i n 1963 
7 
by C o t t o n e t a l . ( T a b l e 8.1) who, f r o m a s t u d y o f a l t e r n a t i v e d a t a (R=0.061), 
r e p o r t e d t h a t t h e l e n g t h s o f a l t e r n a t e c-C bonds w i t h i n t h e benzene l i g a n d s 
d i f f e r e d by l e s s t h a n 0. 02$, and tended t o a mean v a l u e o f a p p r o x i m a t e l y 
1.4$. I n d e e d , when an a l t e r n a t i v e r e f i n e m e n t was c a r r i e d o u t t a k i n g i n t o 
c o n s i d e r a t i o n t h e p o s i t i o n o f hydrogen atoms, b o t h C-C bond l e n g t h s became 
1.387+0.017$. 
8 
I n t h e same y e a r , J e l l i n e k p u b l i s h e d a r e - a n a l y s i s o f h i s d a t a 
( i n c o r p o r a t i n g a l e a s t - s q u a r e s r e f i n e m e n t w i t h a n i s o t r o p i c t e m p e r a t u r e 
f a c t o r s , R =0.053), w h i c h s u b s t a n t i a l l y r e a f f i r m e d h i s p r e v i o u s r e s u l t s . 
( T a b l e 8 . 1 ) . Con s e q u e n t l y , i n o r d e r t o e x p l a i n t h e l a c k o f correspondence 
7 
between h i s f i n d i n g s and those o f C o t t o n e t a l . , he suggested t h a t i n t h e 
l a t t e r ' s work o r i e n t a t i o n a l d i s o r d e r o f t h e m o l e c u l e s had g i v e n r i s e t o 
an a p p a r e n t a d d i t i o n a l t w o - f o l d r o t a t i o n a x i s ( t h r o u g h t h e m e t a l atom, 
and p e r p e n d i c u l a r t o t h e p l a n e s o f t h e benzene l i g a n d s ) , w h i c h had caused 
enhancement o f t h e m o l e c u l a r symmetry f r o m D t o D . I n s u p p o r t o f t h i s 
•id o h 
t h e o r y , he c i t e d t h e example o f f e r r o c e n e , where a s i m i l a r e f f e c t had been 
shown t o o c c u r . 
9 
C o n f l i c t i n g views were a g a i n e x p r e s s e d i n 1964, w i t h F r i t z , i n a 
r e v i e w o f benzene complexes, s t a t i n g h i s b e l i e f t h a t t h e benzene l i g a n d s 
6 8 
o f C r ( C g H g ) 2 were t r i g o n a l l y d i s t o r t e d i n t h e manner d e s c r i b e d by J e l l i n e k ' ; 
10 
w h i l s t I b e r s r e p o r t e d t h e outcome o f a r e - a n a l y s i s and r e f i n e m e n t (R=0.047) 
7 
o f t h e d a t a o f C o t t o n e t a l . ( T a b l e 8.1) w h i c h , he co n c l u d e d , d i s p l a y e d 
352 
no e v i d e n c e f o r a s i g n i f i c a n t d e v i a t i o n f r o m D symmetry. An i d e n t i c a l 
c o n c l u s i o n was reached by Haaland ( 1 9 6 5 f r o m a somewhat i n c o n c l u s i v e 
e l e c t r o n d i f f r a c t i o n s t u d y o f the gaseous m o l e c u l e ( T a b l e 8 . 1 ) , w h i c h 
showed t h a t i f any d i f f e r e n c e i n t h e C-C bond l e n t h s o f t h o l i g a n d 
m o l e c u l e e x i s t e d , t h e n t h e d i s c r e p a n c i e s c o u l d n o t exceed 0.02A*. S i m i l a r l y 
12 
i n 1966, K e u l e n and J e l l i n e k p u b l i s h e d t h e r e s u l t s o f a s i n g l e c r y s t a l 
s t u d y (R=0.031), c a r r i e d o u t a t 100K, w h i c h i n d i c a t e d t h e C-C bond l e n g t h s 
t o be e q u a l . These d a t a were n o t c o n s i d e r e d t o be s u f f i c i e n t l y good, 
g 
however, t o t a l l y t o d i s p r o v e t h e h y p o t h e s i s t h a t o r i e n t a t i o n a l d i s o r d e r 
i n the c r y s t a l was t h e cause o f t h e ( a p p a r e n t ) D g ^ symmetry. 
I n c o n t r a s t , t h e f a r - i n f r a r e d s p e c t r u m o f Cr(C„H„) 0 was a n a l y s e d 
6 6 13 by F r i t z and F i s c h e r i n 1967 e m p l o y i n g D symmetry . A l t h o u g h a 
O Q 
t e n t a t i v e assignment o f a l l t h e s t r o n g bands i n t h e s o l u t i o n s p e c t r u m 
14 
had been shown t o be f e a s i b l e assuming s i x - f o l d symmetry , i t was argued 
t h a t t h e l o w e r symmetry s o l i d - s t a t e s p e c t r u m arose from d i s t o r t i o n o f t h e 
benzene l i g a n d s i n Cr(C„H„) 0 caused by i n t r a m o l e c u l a r , r a t h e r t h a n c r y s t a l 
b b ^ 
f o r c e s . T h i s c o n c l u s i o n was reached by a n a l o g y w i t h r e s u l t s o b t a i n e d 
f o r V(C„H„)„ i n two c r y s t a l l i n e forms ( c u b i c and m o n o c l i n i c ) , w h i c h had 6 b £ 
i n d i c a t e d t h a t c r y s t a l f a c t o r and s i t e g r oup had n e g l i g i b l e i n f l u e n c e 
on t h e s p e c t r u m o f t h e l i g a n d s o f t h a t m o l e c u l e . However, the r e a s o n i n g 
5 
was somewhat a t v a r i a n c e w i t h t h e e a r l i e r r e p o r t o f Snyder , who had 
commented t h a t changes i n t h e s o l i d s t a t e o f Cr(C„H„) r i were r e f l e c t e d 
6 6 2 
i n t h e s p e c t r a measured. 
S h o r t l y a f t e r w a r d s ( 1 9 6 8 / 6 9 ) , two n e u t r o n d i f f r a c t i o n works were 
15 16 
p u b l i s h e d (R=0.030) w h i c h c l a i m e d t o p r o v e D 3 d symmetry ' ( T a b l e 8 . 1 ) . 
L o w e r i n g o f D symmetry was suggested t o o c c u r n o t o n l y as a r e s u l t o f 
b h 
t h e benzene l i g a n d s h a v i n g unequal a l t e r n a t e C-C bond l e n g t h s , b u t a l s o 
as a consequence o f d i s t o r t i o n o f the l i g a n d r i n g s from p l a n a r i t y , w i t h 
t h e a d o p t i o n o f D symmetry i n t h e manner i l l u s t r a t e d i n d i a . K ( i i ) b . 
353. 
17 Opposing vie w s were v o i c e d by Andrews e t a l . ( 1 9 6 9 ) „ who p e r f o r m e d 
h e a t c a p a c i t y measurements (5-350K) and vapour p r e s s u r e measurements 
(323-363K) on Cr(C H.)_. I t was fo u n d t h a t t h e e n t r o p y c a l c u l a t e d 
6 6 2 
e m p l o y i n g t h e t h i r d l a w o f Thermodynamics (350K) agreed w i t h t h e 
s p e c t r o s c o p i c ( s t a t i s t i c a l ) e n t r o p y c a l c u l a t e d f o r t h e gas-phase u s i n g 
r e p o r t e d a s s i g n m e n t s ' , t h e s t r u c t u r a l d a t a o f Haaland and t h e 
a s s u m p t i o n o f s i x - f o l d symmetry. As no e v i d e n c e f o r a phase t r a n s i t i o n 
was a p p a r e n t f r o m t h e h e a t c a p a c i t y measurements, i t was c o n c l u d e d t h a t 
t h e phase e x i s t i n g a t 350K remained s t a b l e t o 5K. The d a t a were, 
however, c a p a b l e o f i n t e r p r e t a t i o n i n two ways: e i t h e r ( i ) t h e m o l e c u l e 
possessed D symmetry, o r ( i i ) t h e m o l e c u l e was d i s t o r t e d t o D symmetry, 
g 
and a d i s o r d e r e d phase o f t h e t y p e s u g g e s t e d by J e l l i n e k p e r s i s t e d t o a t 
l e a s t 5K. Of t h e two p o s s i b i l i t i e s , t h e l a t t e r was t h o u g h t t h e l e s s 
l i k e l y , because t h e s m a l l d i f f e r e n c e between m o l e c u l a r o r i e n t a t i o n s 
p o s t u l a t e d (60° r o t a t i o n a b out t h e main symmetry a x i s ) was c o n s i d e r e d 
t o be a s m a l l p e r t u r b a t i o n w h i c h was u n l i k e l y t o be " f r o z e n i n " . 
P o s i t i v e p r o o f f o r t h e symmetry o f C r ( C _ H ^ ) 0 was f i r s t a f f o r d e d 
6 6 2 
19 
by t h e gas-phase i n f r a r e d s p e c t r u m measured by Ngai e t ai»(1969) : a l l 
modes e x p e c t e d t o be a c t i v e u n d e r D symmetry i n t h e s p e c t r a l r e g i o n 
6h 
s t u d i e d (400-4000cm ^ ) were l o c a t e d w i t h one e x c e p t i o n , whereas 
i n s u f f i c i e n t f r e q u e n c i e s were o b s e r v e d t o s u b s t a n t i a t e t h e a l t e r n a t i v e 
a s s i g n m e n t o f D symmetry (see l a t e r ) . Mean C~C a m p l i t u d e s o f v i b r a t i o n 
70 21 were s u b s e q u e n t l y c a l c u l a t e d f r o m t h e s e and Raman f r e q u e n c i e s . I t was 
f o u n d t h a t t h e mean C-C a m p l i t u d e o f v i b r a t i o n i n Cr(C H )„ was l a r g e r 
6 6 2 
11 t h a n i n C_H_, w h i l s t t h e e l e c t r o n d i i f r a c t i o n s t u d y had c o n c l u d e d t h a t 6 o 
t h e c o n v e r s e s h o u l d h o l d i f two d i f f e r e n t t y p e s o f C~C bond ( i . e . t h r e e - f o l d 
symmetry) were p r e s e n t . Hence f u r t h e r s u p p o r t was y i e l d e d f o r t h e 
' 2 
T The f r e q u e n c i e s o f t h o s e v i b r a t i o n s n o t a s s i g n e d by F r i t z e t a l . o r j 
Snyder^ were e s t i m a t e d by c o m p a r i s o n w i t h t h e d a t a o f Calloman e t a l . f o r benzene 
354. 
h exagonal s t r u c t u r e . 
22 R e c e n t l y , Azokpota ( 1 9 7 7 ) , i n a s t u d y p r i m a r i l y concerned w i t h 
chromocene, has r e p o r t e d h e a t c a p a c i t y measurements c a r r i e d o u t on 
Cr(C^H/,)„ i n t h e t e m p e r a t u r e range 110-300K. T h i s work, s i m i l a r l y 6 6 2 
17 
t o t h a t o f Andrews e t a l . , i n d i c a t e d t h a t t h e r e was no e v i d e n c e f o r 
any o r d e r - d i s o r d e r phase t r a n s i t i o n , and an o r d e r e d s t r u c t u r e was 
c o n c l u d e d t o e x i s t a t room t e m p e r a t u r e w i t h D m o l e c u l a r symmetry. 
on 
b) The B a r r i e r t o t h e R o t a t i o n o f t h e Benzene L i g a n d s i n Cr(C„H„)_ 
fa o I 
The c o n t r i b u t i o n o f non-bonded i n t e r a c t i o n s t o t h e t o t a l p o t e n t i a l 
d e s c r i b i n g r e o r i e n t a t i o n o f t h e benzene groups i n Cr(C„H„) c about t h e i r 
o o ^5 
23 
hexad a x i s has been c a l c u l a t e d by Campbell e t a l . The p o t e n t i a l energy 
o f i n t e r a c t i o n between any two non-bonded atoms i n t h e c r y s t a l l a t t i c e 
was assumed t o be a f u n c t i o n dependent o n l y on t h e n a t u r e o f t h e two 
atoms and t h e i r s e p a r a t i o n . Hence, i n t h e cases o f C-C, C-H and H-H 
i n t e r a c t i o n s , a p o t e n t i a l d e s c r i b e d as an " e x p o n e n t i a l -6 f u n c t i o n " was 
a p p l i e d : 
V = A r + B e x p ( - C r ) 
where V i s t h e p o t e n t i a l energy o f i n t e r a t i o n 
between t h e non-bonded atoms. 
r i s t h e d i s t a n c e between t h e non-bonded 
atoms . 
and A,B and C a r e e m p i r i c a l l y d e t e r m i n e d parameters 
dependent on t h e p a i r s o f i n t e r a c t i n g 
atoms. 
However, f o r M-M, M-C and M-H i n t e r a c t i o n s , i n s u f f i c i e n t d a t a e x i s t e d t o 
e n a b l e t h e pa r a m e t e r s A,B and C t o be c a l c u l a t e d , and a "Lennard-Jones 




(?) " ( f 
where (T i s t h e f i n i t e d i s t a n c e a t w h i c h t h e 
p o t e n t i a l e n e r g y e q u a l s z e r o . 
and € i s t h e a b s o l u t e v a l u e o f t h e d e p t h 
o f t h e p o t e n t i a l e n e r g y w e l l 
( B o t h cr and e d i f f e r f o r i n t e r a c t i o n s between d i f f e r e n t atoms.) 
C a l c u l a t i o n o f p o t e n t i a l e n e r g y as a f u n c t i o n o f a n g l e f o r t h e 
i n - p l a n e r o t a t i o n o f benzene about i t s s i x - f o l d a x i s ( e m p l o y i n g a model 
i n w h i c h o n l y one l i g a n d g r o u p r o t a t e d w h i l s t a l l o t h e r atoms r e m a i n e d 
f i x e d ) showed t h a t no c o n t r i b u t i o n was made t o t h e p o t e n t i a l by non-bonded 
i n t e r a c t i o n s between t h e two r i n g s o f a s i n g l e m o l e c u l e , and t h a t t h e 
o b s e r v e d b a r r i e r c o u l d be e x p l a i n e d as t h e consequence o f c r y s t a l p a c k i n g 
f o r c e s , and b o n d i n g f o r c e s w i t h i n t h e m o l e c u l e . The p o t e n t i a l r e s u l t i n g 
f r o m t h e l a t t e r ( i n t r a m o l e c u l a r ) f o r c e s was i n d e p e n d e n t o f a n g l e , b u t 
t h a t a r i s i n g f r o m t h e f o r m e r ( i n t e r m o l e c u l a r ) f o r c e s d i s p l a y e d minima a t 
o t ° 
60 n (where n = 0, 1 , 2, 3, 4, 5 ) , and maxima a t 3 0 n (where n = 1 , 3, 5, 7,9,11). 
Reasonable agreement was n o t e d between t h e measured and t h e 
s u b l i m a t i o n 
o 
c a l c u l a t e d v a l u e f o r t h e p o t e n t i a l e n e r g y a t 0 r o t a t i o n and a l s o between 
a v a l u e f o r t h e a c t i v a t i o n e n e r g y f o r benzene g r o u p r o t a t i o n d e r i v e d 
_ i 
e x p e r i m e n t a l l y f r o m Pulse-NMR measurements ( 4 . 5 6 k c a l mol ) and t h a t 
o b t a i n e d by c a l c u l a t i o n . 
The a u t h o r s were a b l e t o c o n c l u d e , as a r e s u l t o f t h e i r i n v e s t i g a t i o n , 
t h a t an a p p r o x i m a t e v a l u e o f t h e a c t i v a t i o n e n e r g y f o r r i n g r e - o r i e n t a t i o n 
i n t h e s o l i d s t a t e c o u l d be o b t a i n e d by c o n s i d e r a t i o n s o l e l y o f non-bonded 
( i n t e r r a o l e c u l a r ) i n t e r a c t i o n s , t h a t i s t o say t h a t c r y s t a l p a c k i n g f o r c e s 
t 
D i s p l a c e m e n t s s t a t e d r e l a t i v e t o an assumed o r i g i n a l e c l i p s e d c o n f i g u r a t i o n 
o f t h e two benzene l i g a n d s o f C r ( C X ) , 
35fi . 
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360. 
were found to be the dominant f a c t o r s i n the d e t e r m i n a t i o n of mo l e c u l a r 
conformation i n the s o l i d s t a t e . i t was, however, pointed out t h a t i n 
s o l u t i o n , conformation would be determined e n t i r e l y by i n t r a m o l e c u l a r forces„ 
c ) P r e v i o u s S p e c t r o s c o p i c S t u d i e s of C^C-H,,)-
fa fa 2 
I n order to o b t a i n a c l e a r e r understanding of the v a r i o u s 
s p e c t r o s c o p i c i n v e s t i g a t i o n s which have been c a r r i e d out on Cr(C„H_) 0, 
fa fa 2 
i t i s f i r s t n e c e s s a r y to c o n s i d e r the symmetry of the molecule, and the 
a c t i v i t i e s of the v i b r a t i o n a l s p e c i e s a n t i c i p a t e d . 
The benzene molecule i t s e l f p o s s e s s e s D symmetry„ From t h i s 
6h 
d e s c r i p t i o n may be obtained the v i b r a t i o n s (u^ to V^vi\yLcX\ a r e l i s t e d 
24. 
i n Table 8„2 ( f o l l o w i n g the numbering convention of Wilson ) and 
i l l u s t r a t e d i n d i a . 8 ( i i i ) . I n a d d i t i o n , as r e f e r e n c e data f o r forthcoming 
d i s c u s s i o n , the s p e c t r o s c o p i c f r e q u e n c i e s a s s i g n e d to these modes i n o p t i c a l 
s t u d i e s ( o f both the s o l i d and l i q u i d s t a t e s ) are d i s p l a y e d i n Table 8„3, 
tog e t h e r w i t h those fundamentals observed i n the INS spectrum (42-113meV) 
of s o l i d benzene (dia 08(iv))„ The Cr(C„H„)„ molecule c o n t a i n s 69 (i„e„3(25)-6) normal v i b r a t i o n s . 6 6 2 
Of t h e s e , 60 (2 [ 3 ( 1 2 ) - 6 ] ) are d e r i v e d from the two m e c h a n i c a l l y coupled benzene 
l i g a n d s , each of whose 30 normal modes may now be e i t h e r in-phase ( i p ) or 
out-of-phase (op) w i t h the i d e n t i c a l v i b r a t i o n s of the second benzene 
molecule ( d i a „8(v) ),, The remaining nine modes ( V to V ) r e s u l t from 
21 26 
motion of the benzene groups r e l a t i v e to the chromium atom and are shown 
i n dia„8(vi) 
Y 
(b ( a ) 
dia„8(v) An Example of the In-phase ( a ) and Out-of-phase ( b ) S p e c i e s 
Generated i n Cr(C„H„)_ from One Mode of an I n d i v i d u a l Benzene 
6 6 2 2 Molecule ( i n t h i s case l ^ A j ^ ))„ 
0 
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B.3 gjocgjpfr&cn off ftfto Kogpol nH8op o f V i b r a t i o n og C H C ^ > 2 _ 
V i b r a t i o n B a o c r i p t i o n 
Symmetry S p s c i o o 
artd A c t i v i t y (D ) 
S y c ^ a t r y S p o c i e s 




(V ) ( i / ) 
_ _ _. nlr> "op 
I n - p h a s e Out-of-phase 
( j / n , ) ( f n ) n i p "op 
t-(C-C) A 2 U ( I R ) A 2 u ( I R ) 
U2 |/(C-H) V * A 2 U ( I R ) A l g ( R ) 
V3 
6. .(C-H) lpb A 2 g ( i . a . ) A l u ( i . a ) A 2 g U . a . ) A l u ( i . a . ) 
"4 6 .(C-C-C) opb B 2 g ( i . a . ) B, ( i . a l u ) A l g ( R ) A 2 u ( I R ) 
"5 6 .(C-H) opb B 2 g ( i . a . ) B, ( i . a l u ) A l g ( R ) A 2 U < I R ) 
"b 6, (C-C-C) 1 pb E 2 g W E 2 u ( 1 - a 
) E ( R ) 
g 
E ( I R ) u 
U7 
lAC-H) 
E 2 g < R ) E 2 u ( i ' a ) E ( R ) g E ( I R ) u 
" s V(C-C) E 2 g ( R ) E_ ( i . a 2u ) E ( R ) g 
E ( I R ) u 
"9 6. .(C-H) l p b V R ) E, ( t . a . 2u ) E (R) e E u ( t R ) 
" l O 6 .(C-H) opb E, ( R ) E ( I R ) l u E ( R ) g 
E ( I R ) u 
" l l 6 .(C-H) opb A 2 u O R ) A l g ( R ) A l g ( R ) 
l ' l 2 6. .(C-C-C) ipb U l u C l . a . ) B 2 g C i . a . ) A 2 u ( I R ) A l g ( R ) 
" l 3 t-(C-H) B l u ( i . B . ) B 2 g ( i . a . ) A 2 u U R ) A l g ( R ) 
" u , ViC-C) B ^ i . a . ) n, ( i . a . l g ) A l u ( i . a . ) A 2 g ( i . a . ) 
" l 5 5 i P b ( C - i l ) D 2 u ( i . . . ) B, ( i . a . l g ) A l u ( i . a . ) A 2 g ( i . a . ) 
" i n 6 o P b ( C - C - C ) E 2 u ( i . u . ) E, (R) E ( I R ) u E ( R ) g 
"17 6 o P b ( C " H > E 2 u ( i . a . ) E 2 g ( R ) E u ( I R ) E g ( R , 
" l 8 6 i P b < C - H > E l u ( l R ) E l g ( R ) E u ( 1 R ) E g ( R ) 
"19 f ( C - C ) E l u ( I R ) E l g ( R ) E u (,R) E g ( R ) 
"20 « C - H ) E l u ( I R ) E l g ( R ) E u (,R) E g ( R ) 
"21 V ( 0 - C r - 0 ) s A ( R ) l g A l g ( R ) 
"22 T o r s i o n ( P - C r - 0 ) A. ( i . a l u . ) A l u ( l - a. ) 
"23 V ( 0 - C r - 0 ) as A„ ( I R ) 2u A, ( I R ) 
"24 Symmetric R i n g T i l t E ( R ) l g E ( R ) g 
"25 \nt\oymnetrlc Ring n I t 
K l u ( , R ) E u ( I R ) 
"26 >3lormncion 6(0-Cr-fi>) K l u ( l H ) K u (...) 
V = s t r e t c h ; £>, = i n - p l a n e bond; fi = o u t - o l - p l a n e tieml; s .symmetric; 
ipl) opb 
as = a n t i s y m m e t r i c ; 0 = C_H • R = Raraan a c t i v e ; IR = i n f r a r e d a c t i v e ; 
i . a . = i n a c t i v e . 
0 Numbering o f those normal modes which r e s u l t from i n t e r n a l v i b r a t i o n s 
o f the benzene l i g a n d s ( U^ t o i ^ j 0 ' f o l l o w s the c o n v e n t i o n o f W i l 3 0 n 2 4 ; 
n u a b e r i n g o f the r e m a i n i n g modes f o l l o w s F r i t z e t a l . »'* 
C 
v 2 1 
D 5 h A l g t R ) 
D 3 d A l g ( R ! 
V 2 2 
D 6 h A1u(i.o.) 
D 3 d A 1 u ( i . o ) 
V 23 
D 5 h A 2 u ( I R ) 
D 3 d A 2 u ( I R ) 
-> 
D 6 h E 1 g ( R ) 
D 3 d Eg lRI 
• o 
V 25 
D 6 h E 1 u ( I R ) 




D 5 h E l u ( IR) 
D 3 d Eu(IR) 
d i a . 8 ( v i ) The Normal Modes of C r ( C X ) 2 Which I n v o l v e Motion of the Benzene 
Li g a n d s R e l a t i v e to the Chromium Atom ( a f t e r F r i t z e t a l . 2 ) 
O b v iously the s t r u c t u r e of Cr(C„H„)„ i s of fundamental importance i n 
6 o 2 
determining the a c t i v i t i e s of i t s normal v i b r a t i o n s . However, as has been 
d e t a i l e d p r e v i o u s l y , t h i s has proved somewhat c o n t r o v e r s i a l . Therefore, 
the normal modes a n t i c i p a t e d f o r the Cr(C„H„) 0 molecule a r e d e s c r i b e d i n 
b o 2 
Table 8.5 i n terms of both the symmetry groups which have been suggested, 
D and D„,„ C o n v e r s e l y , the f u l l v i b r a t i o n a l a n a l y s i s of the complex 6h 3d 
has, i n o r d e r to a v o i d e x c e s s i v e d u p l i c a t i o n , been c a r r i e d out assuming 
D 6 h s y m m e t r y o n ] T ( T a b l e 8 . 4 ) . C o r r e l a t i o n between the two symmetry 
c l a s s e s may, however, be e f f e c t e d by means of Table 8.6, w h i l s t a summary 
of the a c t i v i t i e s of the v i b r a t i o n s under each symmetry i s made i n Table 8.7, 
Although i n i t i a l a n a l y s i s of the i n f r a r e d spectrum of Cr(C.H„)_ by 
6 6 2 
3 
F r i t z and L u t t k e suggested D^^ molecular symmetry, almost immediately 
a f t e r w a r d s the authors changed t h e i r i n t e r p r e t a t i o n of the spectrum, and 
adopted D„, symmetry f o r C r ( C H „ ) 0 i n common w i t h C r ( C H„) T ^ (see l a t e r ) . 6n 6 D - i o o 2 
The r e s u l t s of the l a t t e r i n v e s t i g a t i o n , c a r r i e d out on the s o l i d (KBr d i s c ) , 
the vapour and i n s o l u t i o n (CS^ and C 2 C 1 4 ) , are summarised i n Table 8.8 
TABLE 8,6 C o r r e l a t i o n of D and D Symmetries 
• 6h 3 d — 1 
6h 3d 
A, Lg A l g 
A 2g A 2g 
2g 
B 2g l g 
l g 
J2g 
A l u A l u 
A 2u —> 2u 
l u 2u 
2u l u 
l u 
2u 
TABLE 8„7 The A c t i v i t i e s of the Normal V i b r a t i o n s of Cr(C~H„) 0 Under 
_ 5 _ D_, and D_ , Symmetries —oh 3 d — 
364, 
Symmetry I n f r a r e d A c t i v e V i b r a t i o n s 
Raman A c t i v e 
V i b r a t i o n s 
I n a c t i v e 
V i b r a t i o n s 
°6h 10 15 21 
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-1 f o r the s p e c t r a l region below 900cm , i n which the s i x modes of the 
benzene l i g a n d s r e l a t i v e to the metal atom ( d i a „8(vi)), as w e l l as the 
lowest frequency i n t e r n a l benzene modes, were a s s i g n e d . 
5 
I n the same year (1959), Snyder , i n a paper which p r i m a r i l y sought 
to compare the s p e c t r a of Cr(C„H„) 0 and Fe ( c H r e p o r t e d the spectrum 
b b z 5 5 2 
of Cr(C„H„)„ samples which had been sublimed onto a cooled i n f r a r e d -
6 6 2 
t r a n s p a r e n t window (Table 8„8) 0 With the exception of the v i b r a t i o n 
-1 -1 4 
V ( E 1 ) , which was placed at 1014cm r a t h e r than 833cm (because 10 l u i U o p 
i t was considered t h a t as an out-of-plane C-H bend i t should occur a t a 
-1 34 frequency i n Cr(C„H„)„ hi g h e r than t h a t suggested f o r C„H„(854cm \ 6 b 2 6 6 ' » 
the bands l o c a t e d and assignments de r i v e d followed from the e a r l i e r work 
4 
of F r i t z e t a l 0 
A crude p a r t i a l Normal Co-ordinate A n a l y s i s (NCA) was c a r r i e d out 
f o r the i n t e r n a l l i g a n d modes of A and E symmetry, assuming ( 1 ) t h a t 
the benzene r i n g s were uncoupled from the r e s t of the Cr(C„H„) r. molecule 
6 6 2 
and ( i i ) t h a t t h e i r geometry was the same as that of f r e e benzene. 
Employing the fundamental f r e q u e n c i e s of Cr(C„H„)_, f o r c e constants were 
6 6 2 
c a l c u l a t e d , which were shown to be decreased i n value ( r e l a t i v e to C„H„) 
6 6 
t i n the case of those r e s u l t i n g from the C-C s t r e t c h e s , V, (A„ ) and .^ xop 2u 
V (E ) , but i n c r e a s e d s u b s t a n t i a l l y i n value i n the case of that 
1 J i p i u 
t 
d e r i v e d from the out-of-plane hydrogen bend, V ,, (A„ ) ( d i a . 8 ( i i i ) ) . 
i - L i p 2u 
A more comprehensive s p e c t r o s c o p i c i n v e s t i g a t i o n of Cr(C„H-) 0 was 
6 6 2 
2 
published i n 1961 by F r i t z e t a l . , which as w e l l as d e t a i l i n g the s o l i d 
(KBr d i s c and N u j o l m u l l ) , vapour and s o l u t i o n ( C S 2 and CgCl,^) i n f r a r e d 
"f" The l a b e l l i n g of these modes has been changed from t h a t used o r i g i n a l l y 
so t h a t the convention of F r i t z e t a l , i s now followed.2,4 
368. 
s p e c t r a , a l s o d e s c r i b e d the f i r s t s o l u t i o n (C„H ) Raman spectrum (Table 8.8). 
o o 
However, measurement of the l a t t e r spectrum, because of the dark colour and 
low s o l u b i l i t y of the complex, and a l s o the s i m i l a r i t y of s o l v e n t a d s o r p t i o n s , 
only permitted c o n f i r m a t i o n of the f r e q u e n c i e s p r e v i o u s l y designated V 
£i J. 
(.V ( 0-Cr-0 )> A ) a n d (symmetric r i n g t i l t , E ) from a n a l y s i s s i g ^4 l g 
of combination bands. I n c o n t r a s t , the i n f r a r e d spectrum of Cr(C„H„)„ 
6 6 2 
could be f u r t h e r assigned i n the region c o n t a i n i n g i n t e r n a l l i g a n d v i b r a t i o n s , 
and s e v e r a l a d d i t i o n a l t r a n s i t i o n s r e s u l t i n g from combination bands were 
identified„ 
The s p e c t r o s c o p i c study of Cr(C„H_) r i was extended i n t o the f a r -fa b Z 
-1 13 i n f r a r e d (33-600cra ) by F r i t z and F i s c h e r (1967) , who measured both 
s o l i d phase ( n u j o l m u l l ) and s o l u t i o n ( C S 2 ) s p e c t r a (Table 8.8 ). Two 
p r e v i o u s l y unobserved low frequency t r a n s i t i o n s were l o c a t e d a t 152cm 
and 171cm ^ (159cm ^ CS s o l u t i o n ) , which were c o r r e l a t e d with V 
( t o r s i o n a l mode. A, ) and Vn„ (deformation mode, E, ) r e s p e c t i v e l y , i n 
l u 26 l u J 
both c a s e s , re-assignment being n e c e s s i t a t e d from the fr e q u e n c i e s f i r s t 
-1 - 1 2 4 i n d i c a t e d from combination band a n a l y s i s , 305cm ( V' ) and 140cm ( V ) ' . 
-1 -1 
To h i g h e r energy, the assignments of the bands at 459cm and 490cm were 
r e v e r s e d , w i t h the former being designated V1 ( a n t i s y m m e t r i c r i n g t i l t , E^^> 
and the l a t t e r being i d e n t i f i e d as V ( V ( 0 - C r - p ) . A ^. 
2o as ^u 
I n a lengthy d i s c u s s i o n of the symmetry of Cr(C„H_)_ as deduced from 
6 o & 
sp e c t r o s c o p i c i n v e s t i g a t i o n s , i t was pointed out by F r i t z and F i s c h e r that 
work c a r r i e d out on V(C_H„)_ i n two c r y s t a l l i n e forms (monoclinic and c u b i c ) 
b b £ 
had shown the i n f r a r e d spectrum of the benzene l i g a n d s of that complex to 
b e l i t t l e i n f l u e n c e d by e i t h e r c r y s t a l f a c t o r or s i t e group. I t was 
t h e r e f o r e argued by analogy that the number of fr e q u e n c i e s recorded i n 
the i n f r a r e d spectrum of s o l i d phase Cr(C„H_) 0 should be a s c r i b e d to the 
b b £ 
presence of D molecular symmetry, r a t h e r than the e f f e c t of f a c t o r 
group s p l i t t i n g on the spectrum of a molecule of D symmetry. Hence 
369. 
D symmetry was assumed i n t h i s study. 
I n an attempt to e s t a b l i s h c o n c l u s i v e l y the symmetry of the Cr(C„H„) 0 
o o A 
molecule, a d e t a i l e d i n v e s t i g a t i o n (400-4000cm 1 ) of the vapour phase 
19 
i n f r a r e d spectrum was c a r r i e d out by Ngai e t a l . ( 1 9 6 9 ) (Table 8.8). 
E i g h t i n f r a r e d a c t i v e f r e q u e n c i e s were l o c a t e d i n the region under study, 
as opposed to the nine i n f r a r e d a c t i v e f r e q u e n c i e s expected under D„. 
6h 
f 
symmetry, or the ninet e e n i n d i c a t e d under symmetry (Table 8.7) . I t 
was t h e r e f o r e concluded t h a t D molecular symmetry p r e v a i l e d ( a t l e a s t i n 
the vapour s t a t e ) , w i h v b ing the unobserved mode. 
1 8 ip 
A d d i t i o n a l l y , the u n c e r t a i n t y which wa  thought to e x s t regarding the
assignment of the mode V ( E n ) was con s i d e r e d . I t was suggested 
1 0 o p l u 
t h a t the v i b r a t i o n , as an out-of-plane bending mode, should occur a t a 
-1 34 
higher frequency i n Cr ( C g H g ) 2 than that e s t a b l i s h e d f o r benzene (854cm ) . 
- 1 2 4 -1 
Th i s view l e d to the re-assignment of ^10 o f r o m 833cm ' to 860cm 
and to the p a r a l l e l c o n c l u s i o n t h a t the 833cm * t r a n s i t i o n must o r i g i n a t e 
from a combination band. Amongst other assignments made, the scheme of 
2 4 F r i t z e t a l . ' was followed regarding V ( V (0-Cr-.0),A ) and V 
Zo as Zu 25 
(a n t i s y m m e t r i c r i n g t i l t , E ) , w i t h these modes being c o r r e l a t e d with 
f r e q u e n c i e s of 450cm ^ and 480cm r e s p e c t i v e l y , r a t h e r than v i c e v e r s a as 
13 
suggested i n the l a t e r paper of F r i t z and F i s c h e r 
2 4 
Support f o r the o r i g i n a l assignment scheme of F r i t z e t a l . ' r e l a t i n g 
to and V was, indeed, f u r n i s h e d by i n f r a r e d measurements made by 
39 
Nakamoto e t a l . on pure Cr(CgHg) 2 samples s u b j e c t e d to high and low 
pre s s u r e (Table 8.8 ) . I t was considered t h a t as 1/ ( V ( 0 - C r - 0 ) , A ) 
23 as 2u 
inv o l v e d a volume change l a r g e r than that of the mode V ( a n t i s y m m e t r i c 
r i n g t i l t , ) i the i n f r a r e d band r e p r e s e n t i n g the former v i b r a t i o n should 
t Although D molecular symmetry i n d i c a t e s a t o t a l of 10 i n f r a r e d a c t i v e 6h 
v i b r a t i o n s f o r Cr(C H" )„, and D„ molecular symmetry suggests 20 i n f r a r e d 
6 o z ou 
a c t i v e v i b r a t i o n s (Table 8.7), evidence from previous work l e d Ngai e t a l . 
to expect the deformation mode, l / l26^ Elu^' t o l i e ° u t s i d e t h e frequency range 
i n v e s t i g a t e d ( a t 171cm" 1 1 3 ) „ 
370. 
be the more s e n s i t i v e to p r e s s u r e v a r i a t i o n „ T h i s b e l i e f was apparently 
confirmed by experiment w i t h the frequency of 489cm 1 moving to 491cm 1 , and 
that at 453cm * moving to 475cm ^, on the a p p l i c a t i o n of p r e s s u r e . Hence 
p ( y ( 0 - C r - 0 ) , A ) was i d e n t i f i e d with the 453-75cm 1 t r a n s i t i o n , 
and ( a n t i s y m m e t r i c r i n g t i l t , E l u ) with the 489-91cm 1 peak. 
The f i n a l s p e c t r o s c o p i c i n v e s t i g a t i o n of Cr(C„H„) 0 was a s o l i d 
6 6 2 
phase Raman study (KBr d i s c and pure p e l l e t ) c a r r i e d out i n 1971 by 
21 
S c h a f e r e t a l . (Table 8.8). I n the r e g i o n of the spectrum which i s 
of most concern to the present work (below 900cm "*"), i t was p o s s i b l e to 
make the f u r t h e r c o r r e l a t i o n of the modes V,, ( E 0 ) > V, ^ E T „ ) > V-ii ( A i ) a n d 
1 6 o p 2g t>ip 2g 1-1-op LS 
vin. ( E n ) w i t h the f r e q u e n c i e s 400cm 1 , 604cm 1 , 791cm 1 and 811cm 1 i U i p l g " ' 
2 5 
r e s p e c t i v e l y . On the b a s i s of these and past assignments, ' a p r e l i m i n a r y 
p a r t i a l Normal Co-ordinate A n a l y s i s (Table 8.9) was attempted of those 
i n t e r n a l modes of the benzene groups w i t h i n Cr(C^H^)^ d e r i v e d from o p t i c a l l y 
a c t i v e v i b r a t i o n s of f r e e benzene ( i n i t i a l f o r c e constants f o r Cr(C„H„)„ 
6 6 2 
being taken from the l a t t e r molecule and subsequently r e f i n e d to reproduce 
observed f r e q u e n c i e s ) . T h i s showed t h a t f o r Cr(C^H„) r., and s e v e r a l other 
6 b Z 
complexes w i t h which i t was compared (Mo(C^H„) r >, W(C H . ) 0 , V(C„H„) 0, 
o b i 6 6 2 b b <s 
C r ( W 2 + > C 6 H 6 C r ( C O ) 3 ' W O ( C 0 )3' C 6 H 6 C r C 5 H 5 a " d W^SV' 
frequency s h i f t s i n the i n t e r n a l benzene modes between the f r e e and 
complexed s t a t e s r e s u l t e d from changes i n the o f f - d i a g o n a l f o r c e constants, 
r a t h e r than the on-diagonal elements which changed l i t t l e . 
I n l a t e r work, the Raman data from t h i s study, and the i n f r a r e d 
19 
r e s u l t s of Ngai e t a l . , were used to c a l c u l a t e mean C-C amplitudes of 
20 
v i b r a t i o n w i t h i n the benzene l i g a n d s of Cr(C_H„) 0 , thereby y i e l d i n g the 
b b £ 
f i r s t c o n c l u s i v e proof for the p o s s e s s i o n of D molecular symmetry by 
Cr(C/,H„)„ i n the vapour phase (see p r e v i o u s l y ) , o b & 
As w e l l as the above mentioned p a r t i a l Normal Co-ordinate A n a l y s i s , 
a s e r i e s of r e f i n e d Normal Co-ordinate Analyses of Cr(C„II_), as a 25 
6 6 2 
atom molecule have been published by B r u n v o l l , Cyvin and S c h a f e r ^ 
t"3 e=i to CO 
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I n a l l c a s e s , a model was adopted i n which the benzene l i g a n d s were 
p l a n a r , the molecul a r symmetry was D and the mo l e c u l a r s t r u c t u r e 
11 
was t h a t determined f o r the gas phase by Haaland 
40 41 I n the papers of B r u n v o l l e t a l . and S c h a f e r e t a l . , an approximate 
f o r c e f i e l d was c r e a t e d which assumed ( i ) t h a t there was no i n t e r a c t i o n 
between modes of d i f f e r e n t symmetries, and ( i i ) that the f o r c e c o n s t a n t s 
of the i n t e r n a l l i g a n d v i b r a t i o n s could be approximated by those p r e v i o u s l y 
43 
c a l c u l a t e d f o r f r e e benzene from the assignments of Brodersen and Langseth 
A f i n a l harmonic f o r c e f i e l d was then produced by refinement so t h a t 
c o n s i s t e n c y was achie v e d between the f r e q u e n c i e s generated by c a l c u l a t i o n 
,, 2,4,5,13,19,21 „ , . • , and those measured e x p e r i m e n t a l l y . Employing t h i s f i n a l 
f o r c e f i e l d , mean C--C amplitudes of v i b r a t i o n were c a l c u l a t e d f o r the 
benzene l i g a n d s which compared f a v o u r a b l y w i t h those r e p o r t e d i n the 
11 
e l e c t r o n d i f f r a c t i o n study of Haaland,, 
An a l t e r n a t i v e s e t of symmetry c o - o r d i n a t e s ( i n t e r n a l c o - o r d i n a t e s ) 
,42 
was employed i n the Normal Co-ordinate A n a l y s i s c a r r i e d out by Cyvi n e t a l 
Again the f o r c e f i e l d c r e a t e d was r e f i n e d to f i t e x a c t l y reported v i b r a t i o n a l 
2 13 21 
f r e q u e n c i e s ' ' ' ; however, i n t h i s case mean amplitudes of v i b r a t i o n 
were c a l c u l a t e d f o r a l l types of i n t e r a t o m i c d i s t a n c e s i n Cr(C„H„) 0 not 
6 b 2 
j u s t the C-C bondso These showed t h a t not only were the i n t e r a t o m i c 
d i s t a n c e s w i t h i n one l i g a n d very s i m i l a r to those of benzene, but t h a t once 
more e x c e l l e n t agreement e x i s t e d between the value of the C-C mean amplitude 
of v i b r a t i o n obtained by c a l c u l a t i o n and t h a t determined by e l e c t r o n 
11 4 d i f f r a c t i o n . I n c o n t r a s t , p e r p e n d i c u l a r amplitude c o r r e c t i o n c o - e f f i c i e n t s 
which were a l s o e v a l u a t e d , d i d not show such s i m i l a r i t y w i t h those of 
benzene, and t h i s was a s c r i b e d to the presence of a l a r g e c e n t r a l atom 
and second benzene l i g a n d i n C r ( C g H ) (which were suggested to cause 
s t e r i c hindrance to modes i n v o l v i n g e x c e s s i v e deformation out of the r i n g 
plane)„ 
373 . 
5 20 21 
F i n a l l y , the r e s u l t s of p a r t i a l Normal Co-ordinate A n a l y s e s ' ' , 
which c o n s i d e r e d l i g a n d s and framework s e p a r a t e l y (and which f a i l e d to 
45 
show the presence of k i n e m a t i c c o u p l i n g ) , were c o n t r a s t e d w i t h the r e s u l t s 
40-42 
of the t o t a l molecule Normal Co-ordinate A n a l y s e s (which r e v e a l e d 
k i n e m a t i c c o u p l i n g ) . The examples chosen were the modes V (6 (C-H),A ) . 
1 1 o p opb l g 
-1 
and i>_ ( 6 , (C-H),A_ ) , l o c a t e d r e s p e c t i v e l y a t 791cm i n the 
1 1 ° P b 2 u 21 —1 2 4 5 Raman spectrum and 794cra i n the i n f r a r e d spectrum of C r ( C H„),_ ' ' . 6 6 2 
and which d e r i v e from the V,. v i b r a t i o n (6 ,(C-H),A_ ) of benzene s i t u a t e d 
11 opb 2u 
a t 687cm ^ 4 . I n the Normal Co-ordinate A n a l y s e s which t r e a t e d the 
5 20 21 benzene l i g a n d s w i t h i n C r ( C H „ ) 0 as i s o l a t e d molecules w i t h D symmetry ' ' 6 6 2 oh 
i t was n e c e s s a r y to i n c r e a s e the value of the f o r c e c o n s t a n t by ca„40% compared 
w i t h t h a t of f r e e benzene i n order to e x p l a i n the frequency change. However, 
40-42 
the "whole molecule" Normal Co-ordinate A n a l y s e s enabled r e p r o d u c t i o n 
of the observed V and V f r e q u e n c i e s employing a f o r c e c o n s t a n t 
" i p " o p 
e x a c t l y the same as t h a t of f r e e benzene ^he frequency i n c r e a s e between f r e e 
and complexed benzene being shown to r e s u l t from s t r o n g c o u p l i n g between 
r e s p e c t i v e l y (A ) and V ( y ( 0 - C r - 0 ) , A ) i n the Raman spectrum,, 
op ^ s ^ and f , , (An ) and Vn„( V (0-Cr-0),A„ ) i n the i n f r a r e d spectrum, l l ^ p 2u 23 as 2u 
2. I n t r o d u c t i o n : C r ( C H ) I 
6 6 2 
a ) The S t r u c t u r e of C r ( C _ H _ ) 0 I 
fa fa 2 
• } -
I n c o n t r a s t w i t h the uncharged s p e c i e s , C r ( C g H g ) 2 has always 
2 4 
been assumed from s p e c t r a l evidence to p o s s e s s Dg^ symmetry ' „ However , 
the c o n f l i c t i n g evidence of a p r e l i m i n a r y room temperature space group 
and u n i t c e l l d e t e r m i n a t i o n , which suggested a s t r u c t u r e f o r Cr(C„H„)„I 
fa fa 2 
i n which C r ( C Q H g ) 2 + i o n s were o r i e n t e d along the c a x i s ( w i t h probably 
46 
d i s o r d e r e d benzene r i n g s ) , and a proton resonance study which had been 
47 
i n t e r p r e t e d as showing these i o n s o r i e n t e d along the a a x i s , l e d Morosin 
48 to i n v e s t i g a t e the X-ray c r y s t a l s t r u c t u r e of Cr(CgHg) 2X i n g r e a t e r d e t a i l . 
a 
AO 
d i a . 8 ( v i i ) The C r y s t a l S t r u c t u r e of C r ( C H„) T a t 173K ( a f t e r Morosin ) 
6 b 2, 
A room temperature d e t e r m i n a t i o n (R=0.055) showed the benzene r i n g s 
to be e i t h e r completely d i s o r d e r e d or r o t a t i n g ( t h e former su g g e s t i o n was 
+. 
c o n s i d e r e d the more p r o b a b l e ) , w i t h the r o t a t i o n a x i s of the Cr(C„H„) 0 
6 b Z 
i o n along the c a x i s of a body-centred t e t r a g o n a l c e l l p o s s e s s i n g dimensions 
a = b = 7.031+0.003$ and c = 11.754+0.005A\ Although the data were 
9 
c o n s i s t e n t w i t h 4/mmm symmetry, space group I4m2(D2^) was s e l e c t e d 
because a simple d i s o r d e r e d model could be proposed which would i n v o l v e 
the minimum of changes to ensure c o m p a t i b i l i t y w i t h low temperature d a t a . 
These indicated that, upon cooling (173K), the benzene rings became 
ordered, with an orthorhombic structure being adopted ( c e l l dimensions: 
a = 6082A, b = 7„04£ and c = 11 064X), belonging to space group Imram ( D 2 5 ) 
2h 
(dia„8(vii) )„ 
Table 8.10 Structural Data fo r Cr(C„H„)„I at Room Temperature 
~~ b~b 2 
48 
Bond Length C-C 1.40^^ 
Bond Length Cr-C 2,13+0 ,04 A* 
Distance of Mean Carbon 
Plane from Chromium 
1.59A* 
Closest C-I Separation 3.90*0.048 
Closest Intermolecular 
C-C separation 3.43+0.048 
/ C-C bond distance was fixed at t h i s value i n the 
least—squares refinement. 
b) The Barrier to the Rotation of the Benzene Ligands i n Cr(C H ) I 
6 6 2 
To our knowledge, no investigation has been made of the bar r i e r 
to the r o t a t i o n of the benzene groups i n Cr(CgHg) 2I. Consequently, the 
23 
work of Campbell et al. pertaining to Cr(CgHg) 2 w i l l be used as guidance 
i n t h i s study. 
c) Previous Spectroscopic Studies of Cr(C H„) T 
6 6 2 
As has been stated previously, the species Cr(CgHg)? has been shown 
to possess s i x - f o l d symmetry 2,4 The normal vibrations expected w i l l 
therefore be i d e n t i c a l to those described for Cr(C„H.)„ (Table 8.5 and 
6 6 2 
d i a s . S ( i i i ) and ( v i ) ) , but, of course, with the proviso that the 
descriptions employing D symmetry w i l l apply. 
oh 
The f i r s t major in v e s t i g a t i o n of the spectrum of Cr(C H )„! was 
6 6 2 
4 
reported by F r i t z et a l . i n 1959 , i n a paper which also presented the 
infr a r e d spectrum of Cr(C_H_)no From infrared and Raman measurements, 
b o ^ 
carried out respectively on the s o l i d (KBr disc) and of the complex i n 
P 'A w 
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solution (CHgQH), were derived the frequencies and assignments displayed 
i n Table 8,11 for the region of the spectrum of inte r e s t i n t h i s work 
(below 900cm * ) , Nine normal modes were located i n the infrared spectrum 
as opposed to ten predicted under the assumption of D molecular symmetry. 
on 
t 
Furthermore, the f a c i l i t y with which the Raman spectrum of the cationic species 
could be measured i n comparison with Cr(C„H_)„. allowed i d e n t i f i c a t i o n of 
o o Z 
a l l f i f t e e n normal vibrations expected to be Raman active under that 
symmetry (Table 8,7), Consequently, D„, symmetry could be confirmed 
oh 
t t 
under the double c r i t e r i a of the number of normal vibrations observed, 
and the number of these seen only i n the Raman spectrum. 
Subsequently, a s t i l l more comprehensive spectroscopic study of 
2 Cr(C H ) I was published by F r i t z et a l , , which supplemented the spectra to o <i 
reported previously with the infrared spectra of the complex i n nujol 
mull and i n solution (HO and CH„0H), and with the Raman spectrum of the 
complex i n aqueous solution (Table 8,11), As well as re-affirming 
the frequencies and assignments of the e a r l i e r paper, several additional 
transitions were i d e n t i f i e d as combination bands, 
A re-investigation of the solid-phase infrared spectrum of Cr(C„H„)„I 
b fa 2 
49 
(KBr disc) was undertaken i n 1967 by Saito et al„ , as part of a study 
which attempted to calculate the C-H out-of-plane force constants of the 
ligand molecules (Table 8.11), Whilst the assignment scheme of F r i t z 
2 4 -1 et a l . ' was generally followed, the 858cm frequency was, i n this work, assigned to W, n (E, )„ However, no reason was given for the J-uLp J-g 
T 
The infrared active mode not located, the deformation mode t^g 
( 6 (0-Cr -0),E l u ) would be expected to occur i n the far - i n f r a r e d 
which was not investigated i n t h i s work, 
f t 
As the Cr(CgHg)2+ species has a centre of inversion, the rule of 
mutual exclusion must apply to the normal vibrations. However, since 
vibrations of the benzene ligands should have only weak coupling between 
in-phase and out-of-phase modes, frequency s p l i t t i n g s might be expected 
to occur. These can be small and so "pseudo-coincidences" may occur. 
The experimental c r i t e r i a for distinguishing molecular symmetry (e.g. 
Dg^ from D-j^ ) are thus ( i ) the number Of observed normal modes, ( i i ) 
the number of pseudo-coincidences and ( i i i ) the number of normal modes 
appearing only i n the Raman spectrum,^ 
378. 
c o r r e l a t i o n of th i s band with V,n (E , ) rather than with V,_ (E, ) 
10. Ig 1 0 o p l u ' 
2 4 
as suggested by F r i t z et a l , ' . In view of the fact that the E 
species would be expected to be Raman active, and the E^u species 
infrared active, t h i s i d e n t i f i c a t i o n must be considered dubious. 
Two incomplete and approximate Normal Co-ordinate Analyses have 
been published of C r ( C g H g ) 2 I ^ 1 , 4 5 as part of studies carried out by 
21 Cyvin et al„ concerned p r i m a r i l y with Cr(C H ) . In the f i r s t work , o o ^  
a p a r t i a l Normal Co-ordinate Analysis was made of some benzene ligand 
modes of Cr(C~H e) cI, using force constants i n i t i a l l y taken from benzene, 
6 6 2 
Refinement was then achieved by allowing the calculated frequencies to 
2 
tend to those observed , and the modified force constants thus derived 
were compared with those calculated for si m i l a r ligand vibrations of 
other benzene-containing complexes (Cr(C_H„)n, Mo(C„H_)r.» W(C„H„)„, 
6 6 2 6 6 .2 6 6 2 V<C_He)_, C c e c C t ( - c 0 K > C H MO(CO),, C-H.CrC.H. and C H„MnC,H,)„ 6 6 2 6 6 3 6 6 o 6 6 0 0 6 b 0 0 
45 
In the second paper , the p a r t i a l Normal Co-ordinate Analysis 
approach was dropped i n favour of a "25 atom" model which employed both 
the same s t r u c t u r a l parameters and the same force f i e l d as had been 
generated previously f o r Cr(CgHg) 2. Calculated frequencies were obtained not only f o r Cr(C„H.)-I, but also f o r the complexes (C„H„)_M and (C H )„M+ 6 6 2 6 6 2 6 6 2 
(where M=Cr, V, Mo and W, and M+ = Mo+, W+ Tc + and Re +), comparison being 
made only between those observed frequencies where assignments had been 
t established for a l l of the complexes ( V V and V ). As i n the 20, 20 i p 
case of Cr(C„H„)„, kinematic coupling was shown to be the cause of the 6 6 2 
frequency change found between V-, . (A ) of the complexes (located i n 
i J - i p 2u 
the range 742-798cm 1 ) and y Ah^ ) of free benzene (687cm 1 3 4 ) ( s ee 
previously). In addition, i t was found, contrary to expectation, that the 
+ The assignments stated i n t h i s work for the vibrations ^23 and j/2'5 
of Cr(CgH 6) 2I are the reverse of those reported by F r t i z et al2,4 a n ( j Saito 
et all® I t must therefore be presumed that a re-assignment has been made 
.-following the f a r - i n f r a r e d study of Cr(CgHg) 2 by F r i t z and Fischer 1 3,, which 
placed v „ at a higher frequency (490cin _l) than v (459cm""1). 
379. 
frequencies of P and V were influenced less by electronic configuration 
than by the mass of the central atom. 
3, Experimental 
Cr(C H„) 0 was purchased from Strem Chemicals Inc., and Cr(C H ) 0 I 6 6 2 b b £ 
prepared from the neutral species following a standard l i t e r a t u r e 
50 
preparation. 
INS spectra of both complexes were measured with the samples 
(pol y c r y s t a l l i n e powders) contained i n thick wall (1mm) s i l i c a c e l l s . 
Time-of-Flight data were obtained at 233K using the 4H5 spectrometer, 
wh i l s t BFD spectra were recorded employing the Dido Instrument at 18K 
(Cr(C„H„)0) and 12K (Cr(C_H c) 0I)respectively. 6 6 2 o o 2 
Far-infrared measurements (40-250cm ^) were made at l i q u i d nitrogen 
temperature using a Beckman-RIIC FS720 Fourier Transform Spectrophotometer, 
whilst the near- and mid-infrared regions were scanned at room temperature 
employing a Perkin-Elmer 577 Spectrometer. With the former instrument, 
samples were run as nujol mulls supported on polyethylene disc, with the 
l a t t e r , either as Csl discs or as nujol mulls between Csl plates. 
Raman spectra (Cr(C„H„)0I only) were measured i n tho range 0-900cm * 
b b <s 
with a Cary 82 Raman Spectrometer employing a Spectra Physics Model 125 He/Ne 
laser at 15,802cm '*'(6mW power). 
4. Discussion of Results 
a) Cr(C 6H 6) 2 
The INS spectra of Cr(C„H_)0 are shown i n d i a s . 8 ( v i i i ) - ( x i ) , and 
b b 2 
are summarised i n Table 8.12. 
Employment of Tables 8.8 and 8.9, which contain respectively details 
of previous assignment schemes and the results of various Normal Co-ordinate 
Analyses carried out on CrCCgHg^. allows reasonably easy i d e n t i f i c a t i o n 
t -1 of the i n t e r n a l modes of the benzene ligands . Hence the 863cm BFD 
t 
I t w i l l be assumed i n forthcoming discussion that D„ symmetry i s possessed by Cr(C_H_)„ b b 2 • 
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frequency may be designated V (E ) + v (E )„ a f t e r V _ 
l uop i u A O I p l g 1 0 o p 
-X 19 
observed i n the in f r a r e d spectrum (gas-phase) at 860cm , and V-i^ 
i p 
suggested from Normal Co-ordinate Analysis to l i e at 860/864cm 
S i m i l a r l y , the band situated i n the INS spectrum at 807cm i s undoubtedly 
—X 2 4 5 
derived from ^n- ), found i n the inf r a r e d spectrum at 794-Sca ' ° 
=1 21 and , (A, ) , located at 791cm i n the Raman spectrum 0 i t may b© 
op 
in f e r r e d that the in f r a r e d and Raman inac t i v e modes O^g) and V^ ^ B i u ^ 
_ x iP op U 
are represented by th© 714cm BFD transition,, support being yielded both 
-1 40-42 
by the frequencies indicated f o r these modes by calculation (709cia ) „ 
and by the frequency a t t r i b u t e d to the equivalent mode i n s o l i d benzene 
—1 34 ( M. (B n ), 703cm ) „ In addition, the vibrations v ( S t (E f t ) and 4 2g ip 2g 
-1 
V6 ^ E2u^ ° n l v aPP e a r capable of assignment to the 633cm INS peak,, although 
op u 
t h i s band i s not p a r t i c u l a r l y close e i t h e r to the frequency at which th© 
-1 21 
former mode was observed i n the Raman spectrum (604cm ) , or that 
-1 40-42 
indicated f o r the l a t t e r mode by Normal Co-ordinate Analysis (604 or 606cm ). 
F i n a l l y , the 383cm 1 BFD v i b r a t i o n may be i d e n t i f i e d as v., (E ) + v (E ) 
±-p *-®op 2g 
i n agreement wi t h the evidence of Raman spectroscopy which located V^q at 
-1 21 
400cm „ and of Normal Co-ordinate Analysis, which suggested the two 
-1 40=42 
vibrations to be of equal frequency, and to occur at 399/409em 
I t should be noted, though, that the assignment of V,R to a frequency 
x»ip 
equivalent to that of V runs counter to the findings of F r i t z et al„ 
A bop 2 4 f o r Cr(C„H„ )„I ' . where f , „ was observed i n the Raman spectrum at 6 6 2 1 6 Q p 
420cm but V was placed, from combination band analysis, at 543cm 1 6 i p -1 
(a s p l i t t i n g between the two modes of 123cm )„ However, i n th© cas© of 
Cr(C„H„)„„ the apparent absence of a t r a n s i t i o n i n the BFD spectrum i n 6 6 2 
-1 
the region of 543cm would seem to deny t h i s possibility,, I t may thus 
be seen wi t h respect to the i n t e r n a l benzene ligand modes located i n t h i s 
study of Cr(C H,)„i that the frequency s p l i t t i n g s between Vn and V_ 
b b £ i p n Qp 
are (as expected) much smaller than the resolution of the BFD spectrometer c 
389 
Turning now to the modes of Cr(C gHg) 2 which involve motion of 
ligands r e l a t i v e to the chromium atoms ^21 = 2 /26 i n c 3- u s : i' v @» d i a c 8 ( v i ) and 
-1 -1 
Table 8.5), c o r r e l a t i o n of th© INS bands at 271cm and 348cm may b© 
made with VnA v (0-Cr-0),A, ) and V (symmetric r i n g t i l t , E, ), 21 s l g 24 A g 
the frequencies obtained i n t h i s work comparing reasonably w i t h those 
-1 -1 
reported f o r th© vibrations from Raman spectra (270/277cm and 332/335cia 
2 21 
respectively) ' . A d d i t i o n a l l y , i t i s evident that th© two INS peaks 
-1 -1 
at 451cm and 503cm correspond to those found from infrare d measurements -1 -1 2 4 5 13 39 of the s o l i d at 459cm and 490cm 9 ' ' ' . Assignment of these 
frequencies has, however,, proved controversial„ wit h some authors 
i d e n t i f y i n g the former as V 2 5 ^ a n t i s y I H m @ ' t r i c r*n& t i l t , E l u ) a n ^ t 5 i s l a t t e r 
as ^ 2 3(v a s ( 0-Cr - 0 ),A 2 ) j )13„ and others opting f o r the reverse des i g n a t i o n ^ ' 1 9 
From the standpoint of the BFD spectrum, i t would seem reasonable to suppose 
that the i n t e n s i t i e s of the two r i n g t i l t s ( 1/ and y 2 5 ^ w i l i b e 
approximately equal, and likewise the i n t e n s i t i e s of th© two stretches 
a n d ^23 (both P a i r S °% vibrations merely representing the in-phas© and 
out-of-phase components of the same mode)c Thus given that the assignments 
of V ( 1 / (0-Cr-0),A 1 ) and V (symmetric r i n g t i l t . E, ) appear well 21 s l g 24 l g 
established, i t should be possible to use the i n t e n s i t y r a t i o observed 
between these modes on the 1.1.1. plane of the BFD spectrum (Table 8.13(a)) 
to i d e n t i f y the equivalent antisymmetric (out-of-phase) vibrations V 
and V present on the 3.1.1.plane (Table 8.13(b)). Employment of 
£i 0 
-1 
this rule of thumb leads to cor r e l a t i o n of the 451cm band wi t h t; 
(antisymmetric r i n g t i l t , E l u ^ ' a n d t h e 5°3cm peak with V (l^ s (0-Cr -0 ) oA^ ), 
13 
i n agreement wi t h the scheme of F r i t z and Fischer. Furthermore, 
additional support f o r these assignments may be derived from the facts that 
the r i n g t i l t i n g modes V and V represent hindered rotations (each 
24 25 
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<S4Q08(3iv) D e f i n i t i o n of Axes Within the Benzene Eolecule 
TABLE 8014 I n t e n s i t i e s Predicted i n the BFD Spectrum for Hindered 
T r a n a l a t i o n a l and Rotational Modes of the Benzene Ligands 
n i t h i j i C r ( C . H . )„ „ 
t 
Kode "Free" C„H„ Model 6 6 "Coraplexed" C„H_ Kodel 6 t> 
The deformation node 1.000 1.000 X !^25(E ) represents 
both these t r a n s l a t i o n s / 
y 
1.000 1.000 




f 2 1 C ^ s > £2l &'23(A2u) 




'or y 2 d ^ i u ^ represents 
both of these rotations 2.706 2 .809 
,represented by th© 2,706 2.809 
t o r s i o n V ^ A l u ) 
t = hindered t r a n s l a t i o n mode; t = hindered r o t a t i o n a l ( t o r s i o n a l ) aode. 
"Y" Th® BJSSS jr, y and z refe r r e d to are those i l l u s t r a t e d i n dia.8(xv)„ 
* S t r u c t u r a l data taken fpoza that of S t o i c h e f f for l i q u i d benzene (Appendix 1 ) . 
00 SSrucSursl data taken f r c n that of FtSrQter e t a l . 1 5 " 1 6 for the bsnoen© ligands 
o415raa.m Cir(CgHg)2 (Appsndix 2)„ 
»* Ca2.cuS.otod using th® r e l a t i o n f o r a t r a n s l a t i o n : I n t e n s i t y «h"^ (see Chapter 
I V ) , uhor® El i s th® nasa of bonsene. 
ft Calculated using the r e l a t i o n for a r o t a t i o n : I n t e n s i t y « r 2 ( I ) = 5 , ( s e e Chapter 
I V ) , where r i s the perpendicular distance between the s c a t t e r i n g atom and the 
s x i s of r o t a t i o n , and I i s the moment of i n e r t i a of benzene about that a x i s . 
392. 
hindered t r a n s l a t i o n s ( e a c h s i n g l y d e g e n e r a t e ) . C a l c u l a t i o n o f the 
r e l a t i v e i n t e n s i t y t h e o r e t i c a l l y p r e d i c t e d f o r a r o t a t i o n compared w i t h a 
t r a n s l a t i o n shows t h a t the former should be ca. 2„7-2„8 times as i n t e n s e 
as the l a t t e r ( T a b l e 8„14) 0 However, although a t f i r s t s i g h t t h i s appears 
borne out i n p r a c t i c e by the experimental i n t e n s i t i e s of and on the 
one hand r e l a t i v e to V and u0~°n the o t h e r hand (Table 8„13(a) and (b))„ 
when the d e g e n e r a c i e s of the s p e c i e s a r e taken i n t o account„ i t i s seen 
t h a t the i n t e n s i t y r a t i o d i s p l a y e d by the r o t a t i o n s r e l a t i v e to the 
t r a n s l a t i o n s i s i n f a c t only approximately h a l f t h a t anticipated„ 
N e v e r t h e l e s s , a t l e a s t i n q u a l i t a t i v e agreement w i t h p r e d i c t i o n s the bands 
suggested to r e p r e s e n t the t r a n s l a t i o n s l ^ a n d ( ^ g(0-Cr-0),A j g „ and 
V (0-Cr-0),A r e s p e c t i v e l y ) a r e l e s s i n t e n s e than those b e l i e v e d to 
3 S £W 
r e s u l t from the r o t a t i o n s V and i / 0 _ (symmetric ( E ) and a n t i s y m m e t r i c 
24 l g 
( E ^ ^ ) r i n g t i l t s r e s p e c t i v e l y ) . 
T h i s l e a v e s the v i b r a t i o n s u_„ (deformation,E, ) and y„ r t(torsion,A, ) 
26 J-U 22 l u 
u n a s s i g n e d . However, before t r y i n g to i d e n t i f y these i n the INS s p e c t r a , 
i t i s worthwhile r e f l e c t i n g i n s l i g h t l y g r e a t e r d e t a i l upon the na t u r e of 
V , and the r e l a t i o n of t h i s mode to the whole-body l i b r a t i o n of the 22 
Cr(CgHg)2 molecule about i t s hexad a x i s 0 I n the s o l i d phase, the r o t a t i o n a l 
b a r r i e r a s s o c i a t e d w i t h the v i b r a t i o n (which may be regarded as a mode 
i n v o l v i n g out-of-phase r o t a t i o n of the benzene l i g a n d s about the s i x - f o l d 
a x i s of Cr(C„H„ )„ dia„8(vi ) ) d e r i v e s from both i n t r a m o l e c u l a r and i n t e r m o l e c u l a r 
f o r c e s . I n c o n t r a s t , the r o t a t i o n a l b a r r i e r to the whole-body l i b r a t i o n 
(which may be regarded as a mode i n v o l v i n g in-phase r o t a t i o n of the benzene 
l i g a n d s of Cr(C~H„)„) r e s u l t s from i n t e r r a o l e c u l a r f o r c e s only. I t has been b b 2 
shown by R a t c l i f f e 5 3 t h a t f o r "ethane type" c o a x i a l two top systems, the 
f r e q u e n c i e s ( u> ) of the in-phase ( i p ) and out-of-phase (op) r o t a t i o n s may 
be r e l a t e d thus: 
393. 
2 2 2 
i 
f r e e 
w op 
i n t r a m o l e c u l a r 
+ i n t e r m o l e c u l a r 
f o r c e s 
i n t e r m o l e c u l a r 
f o r c e s 
i n t r a m o l e c u l a r 
f o r c e s 
Where ux f r e e i s the frequency of the mode 
1^ 22 i° t n e absence of i n t e r m o l e c u l a r 
f o r c e s i . e . i n the gas phase or i n 
s o l u t i o n 
and t h a t the moment of i n e r t i a to be used i n the c a l c u l a t i o n of the b a r r i e r s 
a s s o c i a t e d w i t h the "in-phase" and "out-of-phase" r o t a t i o n s i s th a t of one 
top. C o n s i d e r i n g the f i r s t f i n d i n g , i t w i l l be remembered t h a t Campbell e t 
23 
a l , found the r o t a t i o n a l b a r r i e r w i t h i n Cr(CgHg> 2 a r i s i n g from the 
mode to be governed predominantly by i n t e r m o l e c u l a r f o r c e s ( i n t r a m o l e c u l a r 
f o r c e s proving n e g l i g i b l e ) . Hence i t would be expected t h a t the v i b r a t i o n 
^22 a n d t n e whole-body l i b r a t i o n should be c l o s e together i n frequency, 
p o s s i b l y even degenerate. The second f i n d i n g , r e l a t i n g to the moment of 
i n e r t i a , w i l l be appl i e d i n f u t u r e d i s c u s s i o n of the s u i t a b i l i t y of c e r t a i n 
assignments f o r ^22 i n t n e spectrum. 
Comparison of the f r e q u e n c i e s a t t r i b u t e d to 1; (deformation, E . ) 
26 J-u 
-1 and ! ^ 0 0 ( t o r s i o n , A ) i n the f a r - i n f r a r e d , 171(159cm CSn s o l u t i o n ) and " l u <Z 
152cm 1 r e s p e c t i v e l y , with those d e r i v e d from the INS study apparently 
-1 
r e v e a l s t h a t the 171cm band was not l o c a t e d . However, i t should be 
remembered t h a t i n t h i s region of the spectrum, the r e s o l u t i o n of both the 
-1 -1 f 
BFD and 4H5 Spectrometers i s poor (ca.42cm BPD, > 19cm 4H5 ) , being i n the 
former case very much g r e a t e r than, and i n the l a t t e r case comparable with, 
the reported s e p a r a t i o n of the v i b r a t i o n s i n the i n f r a r e d spectrum. I t 
i s t h e r e f o r e something of an open qu e s t i o n as to whether both modes could 
A d i s c u s s i o n of the r e s o l u t i o n of the v a r i o u s spectrometers used i n t h i s 
work i s in c l u d e d i n Chapter I I I . 
t 
-1 -1 
e x i s t under the s i n g l e peak (155cm BFD, 158„0cm T-O-F) and i f not, 
whether the t r a n s i t i o n r e p r e s e n t s l ^ 2 2 ( t o r s i o n , A ^ y ) as o r i g i n a l l y suggested, 
or whether i t should be r e - a s s i g n e d to J/^ g (deformation, E l u )„ 
I n order to a s s e s s the l i k e l i h o o d of the f i r s t p o s s i b i l i t y , i t i s 
ne c e s s a r y once more to c o n s i d e r i n t e n s i t y r e l a t i o n s i n the BFD spectrum,, 
However, s i n c e t h e o r e t i c a l l y p r e d i c t e d i n t e n s i t i e s have p r e v i o u s l y been 
shown to be i n a c c u r a t e i n the case of t h i s molecule, d i s c u s s i o n w i l l be 
r e s t r i c t e d to the q u a l i t a t i v e r a t h e r than the q u a n t i t a t i v e . Therefore 
the i n t e n s i t y expected fo r V^itotsion,A ^ ) w i l l be i n f e r r e d from the 
i n t e n s i t i e s d i s p l a y e d by the two r o t a t i o n a l ( t o r s i o n a l ) modes a l r e a d y 
a s s i g n e d , the r i n g t i l t s ^ ( E , J and V (E ) , w h i l s t t a k i n g i n t o 
^4 •'•B 25 l u 
account the double degeneracies p r e s e n t i n r e s p e c t to the l a t t e r v i b r a t i o n s 
L i k e w i s e , an i n d i c a t i o n of the i n t e n s i t y p r e d i c t e d f o r the t r a n s l a t i o n a l 
mode ^ - ( d e f o r r a a t i o n . E ) may be obtained by r e f e r e n c e to the t r a n s l a t i o n s 
iSO lU 
which have been i d e n t i f i e d p r e v i o u s l y , V (l> (0-Cr-0),A ) and 
V ( V (0-Cr-0,Ao ) , bearing i n mind t h a t the degeneracy of V i s 23 as z u 26 
twice t h a t of e i t h e r V or Vn„. 
21 23 
The r e s u l t s of i n t e n s i t y measurements, c a r r i e d out on the 1.1.1.Plane 
of the BFD spectrum of Cr ( C H.)_ (employing a Du Pont Curve R e s o l v e r ) , a r e 
6 b 2. 
d i s p l a y e d i n Table 8„13(a)„ From these, i t seems reasonable to conclude 
t h a t the i n t e n s i t y beneath the 155cm 1 peak i s s u f f i c i e n t to allow 
the presence of both the deformation mode VnXE ^ ) and the t o r s i o n a l 
l u mode (A, ) (but not the a d d i t i o n a l presence of the whole-body l i b r a t i o n 22 l u 
of the Cr(C„H.)„ molecule about i t s s i x - f o l d a x i s , i f t h i s v i b r a t i o n were b b 2 
degenerate i n energy with V ). No p o s i t i v e evidence e x i s t s , however, 
to s u b s t a n t i a t e the c o - e x i s t e n c e of V and V : the 155cm * band i n 
22 26 
the neutron energy l o s s spectrum i s not n o t i c e a b l y asymmetrical (except 
to the higher energy s i d e , where there i s a shoulder s i t u a t e d a t 202cm 
and, more im p o r t a n t l y , none of the P(0! ,$ ) s p e c t r a d i s p l a y any suggestion 
395. 
of a second t r a n s i t i o n w i t h i n the 158. Ocm 1 peak. 
The 202cm 1 shoulder would seem to be precluded from i d e n t i f i c a t i o n 
w i t h the i n f r a r e d a c t i v e mode t^^Cdeformation, E ^ ) ' both on the grounds 
13 
of the reported absence of a s i m i l a r frequency i n the f a r - i n f r a r e d , 
-1 
and a l s o by the g r e a t d i s p a r i t y between the frequency of 202cm and 
-1 13 
that a s s i g n e d to ^ 2 6 b y F r i t z a n d F i s c h e r (171cm ) . L i k e w i s e , the 
d e s i g n a t i o n ^ 2 ^ t ° r s i ° n » A ] . u ) appears to be u n l i k e l y i n view of a 
* —1 r e s u l t a n t b a r r i e r to l i g a n d r o t a t i o n of 145,21+11.73 /142.71* 11.53 k J mol 
(T a b l e 8,15), which would compare poorly w i t h the very approximate guide 
to the b a r r i e r height provided by the a c t i v a t i o n enthalpy ( E g ) , suggested 
23 -1 -1 i n the NMR study of Campbell e t al„ to equal 4 . 5 6 k c a l m o l (19.0S k J mol ) , 
I n a d d i t i o n , any attempt to a s s i g n e i t h e r ^ 2 2 ° r V26t0 t h e 2 0 2 c m ^ B F D 
peak would have to e x p l a i n the l a c k of i n t e n s i t y which t h i s band would 
possess i n comparison w i t h that a n t i c i p a t e d ( q u a l i t a t i v e l y ) f o r e i t h e r mode. 
Hence, i n the absence of any remaining normal v i b r a t i o n s of the Cr(C„H ) _ 
b b & 
-1 
molecule w i t h which the 202cm t r a n s i t i o n may be i d e n t i f i e d , i t must be 
a s c r i b e d to a combination band, probably, on i n t e n s i t y grounds, t h a t r e s u l t i n g from the peaks 
155+_8 cm 1 
•1 + 59,5+2,5cm
 1 214,5+10.5cm" 1 
217,5+10,5cm" 1 158,0+8,Ocm 
(although t h a t a r i s i n g from the t r a n s i t i o n s 
-1 -1 -1 108,5+5,Ocm + 82,0+3,5cm = 190,5+8.5cm 
i s a l s o p o s s i b l e ) . 
Henceforth, t h i s symbol w i l l denote c a l c u l a t i o n based upon the amended 
s t r u c t u r a l data of F b r s t e r e t a l . f o r Cr(CgHg)2 1 5 > 1 6 ( A p p e n d i x 3 ) , which 
le a d to a moment of i n e r t i a ( I ) f o r the mode ( t o r s i o n , A ^ u ) of 
180.555S 2 AMU ( s e e t e x t ) . 
Henceforth, t h i s symbol w i l l denote c a l c u l a t i o n based upon the s t r u c t u r a l 
data of S t o i c h e f f f o r l i q u i d benzene 5^(Appendix 1 ) , which lead to a moment 
of i n e r t i a ( I ) f o r the mode V ( t o r s i o n ,A l u ) of 177.444A>2AMU (see t e x t ) . 
I r r e s p e c t i v e of the s e t of s t r u c t u r a l parameters employed, c a l c u l a t i o n of 
b a r r i e r h e i g h t s to the r o t a t i o n of the benzene l i g a n d s w i t h i n Cr(CgHg)2 has 
been made ( f o l l o w i n g the study of Campbell e t al . 2 3 and the d i s c u s s i o n of 
L a a n e ^ 2 ) assuming a s i x - f o l d b a r r i e r . 
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TABLE 8 .15 The Baggier to the R o t a t i o n of £hs Benzene Ligands i n 
CgCC^H^)^ Suggested by S e v e r a l P o s s i b l e T o r s i o n a l F r e q u e n c i e s 
( e n - 3 1 ) 
BainriL©!? Calemlatod Using 
th® KodQi of "CocpXQssexa" 
C.H * ( W coi-2.) 6 @ 
B a r r i o r C a l c u l a t e d Using 
the Ked©l of "Fir®®" C HJ* 0 
<kJ e o I - 1 ) 5 
5 9 < , 5 + 2 „ 5 1 2 „ S O * 1 . 0 8 1 2 . 3 8 + 1 . 0 8 
8 2 . Q + 3 . S 2 3 . 9 3 + 2 . 0 9 2 3 . 5 E + 2 . 0 5 
1 0 8 , , 5 + 5 . 0 4 1 . 9 0 + 3 . 9 5 4 1 . 1 7 + 3 . 8 8 
(" 1 5 5 + 8 f 8 5 . 5 0 + 9 . 0 5 [ 8 4 . 0 3 + 8 . 9 0 
[ 1 5 8 . 0 + 8 . 0 { 8 8 . 8 4 + 9 . 2 3 [ 8 7 . 3 U 9 . 0 7 
2 0 2 + 8 1 4 5 . 2 U 1 1 . 7 3 1 4 2 . 7 1 + 1 1 . 5 3 
2 3 
/ F o l l o w i n g th® study of Canpba l l a t a l . , and tha d i s c u s s i o n by 
5 2 
Lean© , a s i x - f o l d b a r r i e r to th© r o t a t i o n of th© banzene l i g a n d s 
w i t h i n Cr(C„H_)_tes bson aBouoad. S 6 2 
f C a l c u l a t i o n based upon the s t r u c t u r a l data of F o r s t e r a t a l . f o r C r ( C „ H _ ^ ' 1 S . 
6 6 <2 
However, i n view o f evidence p o i n t i n g to D a o l e c u l a r s y s E a t r y baing th© 
c o r r e c t d e s c r i p t i o n of tho complex,, th® p a r a s a t e r s have baen soEsawhat 
aoemidad, w i t h th© benzene l i g a n d s foaing aasusad to ba p l a n a r , and an 
average C-C and C-H bond l e n g t h being obtained f r o a th© two l e n g t h s 
Eaasurad o f each (Appandix 3 ) . 
«"> C a l c u l a t i o n based upon the a t r u c t u r a l data of S t o i c h e f f f o r l i q u i d 
5 1 
benzeno (Appendix 1 ) . 
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As a consequence of the i n c o n c l u s i v e evidence (of i n t e n s i t y and 
-1 
bandshape) r e l a t i n g to a j o i n t assignment of the 155/158.Ocm INS 
peak to t/> (Torsion,A ) and V ,(deformation, E ) , i t remains, f i n a l l y , 22 lu zO l u 
to c o n s i d e r the b a r r i e r to the r o t a t i o n of the benzene l i g a n d s w i t h i n 
Cr(C„H„) r. which would a r i s e from t h i s frequency. C a l c u l a t i o n shows th a t 6 6 2 
t h i s would be of the order of 85.50-88.84 V84.03-87.31 ""kJmol~ 1(Table 8.15), 
which would be a g r e a t d e a l l a r g e r than the very crude e s t i m a t e of the 
= 1 23 
b a r r i e r y i e l d e d by the a c t i v a t i o n enthalpy (19.06 k J m o l ) . A l l t h a t 
t 
-1 
can be s a i d regarding the 155/158.Ocm band i s t h a t , w h i l s t the presence 
of ^ 2 2 ^ t 0 r s i o n » ^ l u ^ c a n n o ' t 0 6 r u l e d out, the consequent b a r r i e r h e i g h t 
tends to i n d i c a t e that i t i s u n l i k e l y . C e r t a i n l y , i t would appear 
u n j u t i f i a b l e to a s s i g n the t r a n s i t i o n to alone: from c o n s i d e r a t i o n of 
13 
both the f a r - i n f r a r e d data of F r i t z and F i s c h e r and, to a l e s s e r e x t e n t , 
q u a l i t a t i v e p r e d i c t e d i n t e n s i t i e s , V ( d e f o r m a t i o n , E ^ u ) must be 
contained w i t h i n the 155/158„Ocm 1 band. Furthermore, s i n c e v 
26 
would be i n d i c a t e d from the l a t t e r i n t e n s i t y c o n s i d e r a t i o n s to be more 
i n t e n s e than , and as the band p r o f i l e of the 155/158.0cm 1 peak i s 
symmetrical, i t seems reasonable to assume that the frequency of the v 
26 
-1 
mode i s near enough represented by 155/158„Ocm . As a c o r o l l a r y , i t must -1 13 f o l l o w t h a t the 159cm i n f r a r e d band obtained of Cr(C II V i n CS„ s o l u t i o n 6 6 2 2 
has been m i s c o r r e l a t e d with the 171cm * frequency of the s o l i d and should, 
i n f a c t , be r e l a t e d w i t h the 152cm 1 t r a n s i t i o n ( Table 8 . 8 ) . 
I f , as seems probable, V_ ( t o r s i o n , A ) i s not contained w i t h i n the 
155/158.Ocm 1 INS peak, then the problem of i t s i d e n t i f i c a t i o n amongst the 
low frequency T-O-F peaks must be faced. C o n s i d e r a t i o n of r e l a t i v e 
i n t e n s i t y i s of very l i t t l e use i n the P(0! , 0) s p e c t r a because there i s 
no band w i t h i n the energy range covered whose assignment i s secure, and 
whose bandshape i s c l e a r l y d i s c e r n i b l e . I t i s , t h e r e f o r e , i n the absence of 
398. 
s o l u t i o n data f o r the lowest frequency f a r - i n f r a r e d and Raman s p e c t r a of 
Cr( C H ) . i m p o s s i b l e to make a c o n c l u s i v e judgement as to which of the 6 6 2 
T-O-F v i b r a t i o n s might r e p r e s e n t the t o r s i o n , V . However, c o n s i d e r i n g 
these more c l o s e l y , i t may be seen t h a t the 82„0cra 1 peak i n the P(Ot90) 
s p e c t r a g i v e s r i s e to a b a r r i e r to benzene l i g a n d r o t a t i o n (23„93+2,09 / 
23.52+2.05 k J mo I ) (Table 8.15) which i s i n good agreement w i t h t h a t 
-1 23 
suggested by the crude y a r d s t i c k of the a c t i v a t i o n enthalpy (S,9«06kJ mol ) 
On this b a s i s , t h e r e f o r e , i t would appear a reasonable assignment to 1^ 22 
( t o r s i o n , A^ u)» 1° f a i r n e s s , though, i t should be admitted t h a t t h i s 
c o r r e l a t i o n runs counter to t h a t suggested f o r V(C H ) , where the frequency 
6 b -1 52 of the t o r s i o n a l mode e q u i v a l e n t to V has been c i t e d as 118cm 22 
The 59.5cm * band seems to be comprised of s e v e r a l t r a n s i t i o n s which 
become b e t t e r r e s o l v e d i n the lower angle data (e.g.50°). The work of 
23 
Campbell e t a l . , however, i n d i c a t e s t h a t the frequency of the whole-body 
l i b r a t i o n of Cr(C„H„)„ about i t s s i x - f o l d a x i s should be, i f not degenerate 6 6 2 
with, a t l e a s t c l o s e to that of V ( t o r s i o n , A , ) . I t i s p o s s i b l e , t h e r e f o r e , 
2 2 
that some of the i n t e n s i t y of the 59.5cm 1 peak r e s u l t s from t h i s v i b r a t i o n , 
the remainder presumably a r i s i n g from other l a t t i c e modes. C a l c u l a t i o n of 
the b a r r i e r h e i g h t to benzene l i g a n d r o t a t i o n , assuming that the frequency 
of the whole-body l i b r a t i o n i s approximately equal to 59.5cra \ produces 
a v a l u e of 12.SO+1.08 /12.38+1.06 k J mol x (Table 8.15). T h i s would 
imply an i n t r a m o l e c u l a r component of the benzene r o t a t i o n a l b a r r i e r of 
* ** =1 53 2 2 2 11,33+3.17 / l l . 14+3,11 k J mol and ( u s i n g the r e l a t i o n % p " w i p = ^free 
s t a t e d p r e v i o u s l y ) a frequency f o r ^ 2 2 ^ t 0 r s i 0 n ' ^ l u ^ * n s o ^ u t i o n o r t t i e S a s 
phase of 56.5+8„5cm 1 „ 
F i n a l l y , the 108.5cm * shoulder must, i n view of i t s d i s p e r s i v e nature, 
be assigned e i t h e r to a l a t t i c e mode, or to an overtone or combination band 
r e s u l t i n g from a l a t t i c e mode. 
399. 
(b) C r ( C 6 H 6 ) 2 I 
The INS s p e c t r a of C r ( C H„) nI are shown i n d i a s , 8 ( x i i ) - ( x i v ) , 
O O £t 
and are summarised i n Table 8,12, 
Taking i n t o account the d i s c u s s i o n d e t a i l e d p r e v i o u s l y f o r Cr(C_H„)„, 
b b .£ 
2 4 AQ 
and the assignments suggested f o r C r ( C H ) I from o p t i c a l spectroscopy ' ' 
6 b £ 
and Normal Co-ordinate A n a l y s i s ^ 1 ' 4 ^ (Table 8.11), the higher frequency 
( > 250cm ^ ) INS spectrum of the c a t i o n i c s p e c i e s may be r e a d i l y analysed„ 
Hence, c o n s i d e r i n g i n i t i a l l y the i n t e r n a l modes of the benzene l i g a n d s , the 
813cm 1 BFD peak may be designated V,, (A ) + v ( A 1 B . ) , of which the 
± x ip ^ u 1LOTp s -1 2 4 49 former has been found a t 795cm i n the i n f r a r e d spectrum ' ' and the -1 2,4 l a t t e r a t 790cm i n the Raman spectrum „ S i m i l a r l y , i t may be i n f e r r e d 
t h a t the 719cm 1 INS frequency, by analogy w i t h the f i n d i n g s f o r the 714cm * 
peak of Cr(C„H„)„, r e p r e s e n t s the i n f r a r e d and Raman i n a c t i v e modes v. 
6 6 2 4 i p 
(B„ ) and V, (B, ) . F u r t h e r , the v i b r a t i o n s 2/-, ( E 0 ) and V, (En ), 2g <*op l u t>ip 2g o 0p 2u 
- 1 2 4 
l o c a t e d r e s p e c t i v e l y i n the Raman spectrum a t 616cm ' , and i n the 
-1 2,4 
i n f r a r e d spectrum (from combination band a n a l y s i s ) a t 630cm , would 
appear to g i v e r i s e to the 633cm * BFD t r a n s i t i o n . 
T h i s l e a v e s the assignments of the modes R (E„ ) and l ^ l f i , ( E ) 
°Op <£g A D x p 2u 
to be d i s c u s s e d . P r evious work has placed the former a t 420cm 1 i n the 
Raman Spectrum, w h i l s t the l a t t e r has been considered from combination band 
- 1 2 4 
a n a l y s i s of the i n f r a r e d spectrum to l i e at 543cm ' „ C e r t a i n l y , the 
INS peak a t 422cm 1 may be p a r t l y a t t r i b u t e d to the v . , mode, i n accordance, 
i 0op 
not only w i t h the aforementioned o p t i c a l work c a r r i e d out on Cr(C„H„) 0I, 
b b <£ -1 21 -1 40-42 but a l s o w i t h observed (400cm ) and c a l c u l a t e d (399/409cm ) 
f r e q u e n c i e s of the v i b r a t i o n i n Cr(C„H^) r., The c o r r e l a t i o n of V1, w i t h 
6 6 2 -LOip 
-1 
the BFD band a t 546cm , however, appears more c o n j e c t u r a l i n view of 
the e x c e e d i n g l y l a r g e frequency s p l i t t i n g which would e x i s t between the 
in-phase and out-of-phase motions i n the c a t i o n i c s p e c i e s , compared w i t h 
the uncharged s p e c i e s (where both modes are b e l i e v e d from Normal Co-ordinate 
400. 
40-42 -1 A n a l y s i s to be of equal frequency )„ Conversely, the 546cm t r a n s i t i o n 
i s most d e f i n i t e l y p r e s e n t i n the INS spectrum of C r ( C , H L ) _ I , w h i l s t being 
b b £• 
absent from t h a t of C r ( C H„)_ „ U n f o r t u n a t e l y . INS i n t e n s i t y data cannot 
6 6 2 
2,4 
r e a l l y be used e i t h e r to confirm or deny the suggested l a r g e s p l i t t i n g 
of the v i b r a t i o n because the band p r o f i l e of the 422cm * frequency, 
which i s more d e f i n i t e l y e s t a b l i s h e d , c o n t a i n s an a d d i t i o n a l i l l - r e s o l v e d 
band ( s e e l a t e r ) . Consequently, the o p t i c a l assignments of the V 
and V-i c. modes w i l l be followed i n t h i s work, but an a l t e r n a t i v e i D o p 
i d e n t i f i c a t i o n of the 546cm peak, perhaps as a combination band ( ^ i n 
A op 
(857cm 1 , i n f r a r e d ) - V (34 5+8/3 35+8 cm"1, INS) = 512+8/522j-8cm - 1) 2' 4, must 
be borne i n mind. 
A f u r t h e r i n t e r e s t i n g p oint to note about the v i b r a t i o n s i s t h a t 
they, alone of the modes der i v e d from i n t e r n a l l i g a n d motions which have been 
reviewed above (V-., . /v-t-t ,VA. IVA and v c., /Vf.^ ), have moved to •i-J-ip •L-Lop H i p ^op °ip op 
hig h e r frequency ( " l 6 e p + 3 9 c m 1 , . +163cm 1 ) i n the spectrum of the 
charged as opposed to the uncharged s p e c i e s (Table 8.12). T h i s i s perhaps 
s u r p r i s i n g , given t h a t the V^ and v i b r a t i o n s , which i n common wi t h 
ip op 
VIQ and V^q are out-of-plane C-C-C bends (dia„8(iii)), remain f i x e d i n 
i p op 
frequency. 
Turning now to those v i b r a t i o n s of the Cr(C„H„) 0I molecule which 
b b Z 
i n v o l v e motion of the benzene l i g a n d s r e l a t i v e to the chromium atom ( d i a . 8 ( v i ) ) , 
i d e n t i f i c a t i o n of the modes VnAv (0-Cr-0)„A ) and y (symmetric r i n g t i l t , E 
may be made s t r a i g h t f o r w a r d l y with the 275cm 1 and 345/335cm 1 BFD peaks, i n 
both c a s e s , the f r e q u e n c i e s obtained from experiment corresponding e x c e l l e n t l y 
w i t h those reported from the Raman spectrum (279cm 1 , v2\ a n d 333cm 1 , ) 2 " 4 . 
Assignment of the antisymmetric ( o r out-of-phase) e q u i v a l e n t s of the two 
above modes, V (v (0-Cr-0),A n ) and V ( a n t i s y m m e t r i c r i n g t i l t , E ) , ctO as £\x zu l u 
has been d i s p u t e d , though, w i t h i n f r a r e d work suggesting the former to 
-1 - 1 2 4 49 occur a t 415cm and the l a t t e r a t 466cm ' ' , and p a r t i a l Normal 
401. 
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t = hindered t r a n s l a t i o n a l acd®; t = hindered r o t a t i o n a l ( t o r s i o n a l ) sod®. 
t The axes s , y and s r e f s r r a d t o or® thos© i l l u s t r a t e d i n d i e . 8 ( x v ) . 
51 
* S t r u c t u r a l data taCsen f r o o t h a t of S t o i c h a f f f o r l i q u i d benzene (Appendix 1 ) . 
• ^ S t r u c t u r a l data taken frona t h a t of Klorosin f o r th® benzene l i g a n d s w i t h i n 1 6 
C M C g H . J g l 4 8 and t h a t of F t o a t e r e t a l . f o r the benzene l i g a n d s w i t h i n Cr(C 6H g) 2° 
(ApparJIix 4 ) . 
/ C a l c u l a t e d uQimg tho r e l a t i o n f o r a t r a n s l a t i o n : 
Xratsnsity « EJ" 1 (so® Chapter I V ) , wh®r© M i s tha s a s s of foonson®. 
/ ^ C a l c u l a t e d u s i n g th© r e l a t i o n f o r a r o t a t i o n : 
I n t e n s i t y «r2(i)~1 (sa® Chapter I V ) , wher® r i s th® p e r p e n d i c u l a r 
d i s t a n c e between the s c a t t e r i n g atoa and tho a x i s of r o t a t i o n , and I i s 
Dscautt of i n e r t i a of banssn© about t h a t a x i s . 
402. 
"EAMM a . 1 7 ( a ) ThQ I n t e n s i t i e s D i s p l a y e d of Peaks Located on the 1.1.1. 
Plana of the BFD SpQctrua of Cr(C„H„) I_ 
Frequency Assignment D e s c r i p t i o n 1 n t e n s i ty I n t e n s i t y R a t i o 
149CH - - 35% 2.917 
212CD*"1 - - 15% 1.250 
275cta" 1 V 2 I < V * - C r - 0 > . \ 8 > T r a n s l a t i o n 12% 1.000 
305ca l^2^(symmetric r i n g t i l t . E ) Rota t i o n 38% 3.167 
TABLE 8.17(b) The I n t e n s i t i e s D i s p l a y e d of Some Peaks Located on the 3.1.1. 
Plane of the BFD Spectrum o f Cr(C„H,.) I 
Frequency Assignment D e s c r i p t i o n I n t e n s i ty I n t e n s i ty R a t i o 
-1 
335cm V- (symmetric r i n g t i l t . E ) <fi4 1 g R o t a t i o n 22% 3.167 
422cm" 1 f 0 c ( a n t i s y m m e t r i c r i n g t i l t . E ) 
i.m.b. 
Rota t i o n 
• 58% 8.349 
448cm 1 V (.V (0-Cr-0),A o ) 23 as 2u T r a n s l a t i o n 13% 1.871 
503ca 1 - - 7% 1.008 
0 = s t r e t c h ; s = symmetric; as = antisymmetric; i p = in-phase; 
op = out-of-phase; i.ia.b. = i n t e r n a l mode of the benzene l i g a n d s . 
$ Gauss i a n s f i t t e d a t approximate f r e q u e n c i e s . 
403. 
45 Co-ordinate A n a l y s i s i n d i c a t i n g the r e v e r s e „ I n order to decide the 
c o r r e c t c o r r e l a t i o n , i t i s n e c e s s a r y to c o n s i d e r the i n t e n s i t i e s expected 
of the r e s p e c t i v e modes (Table 8„16)„ However, t a k i n g i n t o account f i n d i n g s 
fo r Cr(C„H„)~, t h i s w i l l be confined to a q u a l i t a t i v e d i s c u s s i o n . 6 b 2 
I t was demonstrated w i t h r e s p e c t to Cr(C„H„) 0 (Table 8„I3(a J) t h a t the 
b b & 
i n t e n s i t y of ^ ( s y m m e t r i c r i n g t i l t , E l g » 348cm 1 ) i n the BFD spectrum 
was approximately t h r e e times g r e a t e r than t h a t d i s p l a y e d by VnAv (0-Cr-0),A.. , 
S «Lg 
-1 
271cm ) s i t u a t e d on the same plane (1„1 01„), a s i m i l a r s t a t e of a f f a i r s 
-1 
being found to hold f o r ant i s y m m e t r i c r i n g t i l t , E ^ u » 451cm ) r e l a t i v e 
to v ( V (0-Cr-0),A o ,503cm - 1), t h i s time f o r the 3„1„1„plane ( T a b l e 8„13(b))< 23 as 2u 
Employing a Du Pont Curve R e s o l v e r to measure i n t e n s i t i e s i n the BFD spectrum 
-1 of Cr(C_H-)r,I, the 422cm band was found to be over four times as i n t e n s e 6 6 2 
-1 -1 as the 448cm shoulder, and the 345cm band about three times the 
i n t e n s i t y of the 275cm 1 peak (T a b l e 8.17)„ I n view of the e a r l i e r 
assignments made f o r the 275cm 1 and 345cm 1 bands to V^ ( fg(0-Cr-0),A l g) 
and y ^ ( s y m m e t r i c r i n g t i l t , E l g ) r e s p e c t i v e l y , i t would appear t h a t s i m i l a r 
r e s u l t s are afforded f o r Cr(C„H„)_I as f o r Cr(C„H„)„ regarding the i n t e n s i t y 
b b 2 6 b 2 
of a r i n g t i l t mode r e l a t i v e to a s t r e t c h i n g mode. Hence the 422cm 1 BFD 
frequency may be designated V^(antisymmetric r i n g t i l t , E ^ u ) » and the 
-1 
448cm band V ( V (0-Cr-0, A„ ) , i n accordance w i t h the evidence of 23 as 2u 
45 
Normal Co-ordinate A n a l y s i s „ I n a d d i t i o n , the g r e a t e r than ( q u a l i t a t i v e l y ) 
-1 -1 
p r e d i c t e d i n t e n s i t y d i s p l a y e d by the 422cm peak r e l a t i v e to t h a t a t 448cm 
may, perhaps, be taken as proof f o r the e x i s t e n c e of the mode ^ E2g^ 
beneath the former peak,, Indeed, the " e x c e s s " i n t e n s i t y of the 448cm 1 
-1 
frequency i s of the order of th a t p r e s e n t f o r the 546cm band, perhaps 
o f f e r i n g support f o r the d e s i g n a t i o n of the l a t t e r V (E )„ 
I b i p <sU 
Thus, a l l the expected low frequency i n t e r n a l l i g a n d modes have been 
l o c a t e d , as have a l l those modes of the l i g a n d s r e l a t i v e to the 
-1 2 4 49 
chromium atom which have been assigned above 250cm ' ' „ However, 
404. 
one t r a n s i t i o n remains u n d i s c u s s e d i n t h i s r egion of the spectrum, a 
shoulder l o c a t e d a t 503cm which i t i s i n t e r e s t i n g to note i s a l s o 
p r e s e n t i n the BFD spectrum of Cr(C„H_)_ 0 I n the l a t t e r compound, t h i s 
o o & 
was c o r r e l a t e d with v ( v (0-Cr-0),A ) , an option denied i n the case of 
23 as 2u 
C r ( C g H g ) 2 I , both by the preceding i d e n t i f i c a t i o n of V^at 448cm 1 i n 
the INS spectrum and, moreover, by the l a c k of an i n f r a r e d peak at s i m i l a r 
2 4 43 
frequency,, ' ' Consequently, i t must be assumed to r e p r e s e n t a combination 
-1 -1 -1 band e.g. 149+8cm + 345+8/335+8cm = 494+16/484+16cm . 
F i n a l l y , assignment must be attempted of the low frequency v i b r a t i o n s 
V ( t o r s i o n , A 1 ) and v (deformat!on,E ) , a task which proved d i f f i c u l t 22 JLU 26 1 U 
i n the case of Cr(C„H„) 0o No p r e v i o u s f a r - i n f r a r e d study has been c a r r i e d 6 6 2 - 1 2 4 out on Cr(C„H„)„I and thus the frequency i n d i c a t e d f o r u,, (144cm ) ' has 6 6 2 zo 
been d e r i v e d from combination band a n a l y s i s . I n l i k e manner, has been 
-1 
suggested to occur a t 303cm . However, the l a t t e r i d e n t i f i c a t i o n i s 
c l e a r l y i n e r r o r , not only because the enormous b a r r i e r to l i g a n d r o t a t i o n 
/ / ** -l+-\ which would r e s u l t (320.42 /321.10 k J mol ) would be very much l a r g e r 
23 
than t h a t i n d i c a t e d f o r Cr(CgHg) 2 ( s e e p r e v i o u s l y ) , but, more importantly, 
because of the absence of a BFD peak a t t h i s frequency. I t t h e r e f o r e 
appears n e c e s s a r y to s e a r c h the lower frequency INS spectrum not only f o r 
V (deformation,E ) , but a l s o f o r V ( t o r s i o n , A ) p and t h i s w i l l be 26 l u 22 l u 
c a r r i e d out assuming the q u a l i t a t i v e i n t e n s i t y r e l a t i o n s suggested f o r 
the e q u i v a l e n t modes V and V n ofCr(C„H„) 0; t h a t i s t h a t the former, as 22 26 6 6 2' 
a s i n g l y degenerate r o t a t i o n a l mode, should be about h a l f the i n t e n s i t y of 
a r i n g t i l t ( V or u )f and the l a t t e r , as a doubly degenerate t r a n s l a t i o n a l 24 25 
mode, should be approximately twice the i n t e n s i t y of a s t r e t c h ( ^ i 0 1 " ^23^° 
^Henceforth, t h i s symbol w i l l denote c a l c u l a t i o n based upon the supplemented 
s t r u c t u r a l data of Morosin f o r C r ( C g H 6 ^ I 4 8 » which l e a d s to a moment 
of i n e r t i a . ( I ) f o r the mode t» ( t o r s i o n , A l u ) of 177.072& 2 AMU (Appendix 5 ) , 
i*Calculated assuming a s i x - f o l d b a r r i e r to benzene l i g a n d r o t a t i o n w i t h i n 
C r ( C 6 H 6 ) 2 I . 
405. 
C o n s i d e r i n g f i r s t l y the 149/15Q„0cm 1 peak, i t may bo seen from Table 
8,17 t h a t the i n t e n s i t y possessed i s s u f f i c i e n t to al l o w the presence of 
both the deformation mode ^ 2 6 ^ E l u ^ a n d t h e t 0 r s i o n a l mode ^ 2 2 ^ A l u ^ ^ b u t 
+ 
not the a d d i t i o n a l presence of the whole-body l i b r a t i o n of Cr(CgHg)g about 
i t s s i x - f o l d a x i s , i f t h i s v i b r a t i o n were degenerate i n energy w i t h l / , 22^° 
T h i s scheme was a l s o thought p o s s i b l e f o r Cr(C.H ) 0 ( s e e p r e v i o u s l y ) ; 
o o 2 
however, as i n the case of the uncharged s p e c i e s , no evidence i s d i s p l a y e d 
e i t h e r i n BFD or P (0! , $ ) s p e c t r a f o r any asymmetry which might demonstrate 
p o s i t i v e l y the e x i s t e n c e of both t r a n s i t i o n s . I n c o n t r a s t , the f a r - i n f r a r e d 
spectrum of the s o l i d obtained i n t h i s work p o i n t s to the e x i s t e n c e of two 
peaks s i t u a t e d a t 140cm 1 and 149cm 1 „ I t seems unreasonable though, i n 
view of the st r o n g and equal i n t e n s i t i e s d i s p l a y e d by the two bands, t h a t 
one v i b r a t i o n should be a t t r i b u t e d to the f o r m a l l y i n f r a r e d i n a c t i v e 
t o r s i o n a l mode ^ 0 0 , and the othe r to the i n f r a r e d a c t i v e deformation ^ ' 
I t i s perhaps more l i k e l y t h a t both peaks r e p r e s e n t the v i b r a t i o n V 
26 
(deformation, E l u ) » which has had i t s degeneracy l i f t e d by c r y s t a l f i e l d 
e f f e c t s . I f t h i s assignment i s c o r r e c t , and the f r e q u e n c i e s i n d i c a t e d 
are c l o s e to those reported f o r V i n Cr(C„H„ )r.l (from combination band 
2b 6 6 2 
a n a l y s i s , 144cm 1 2 ' 4 ) ,and i n C r ( C g H 6 ) 2 (from INS s p e c t r a , 155/158,Ocm 1 ) , 
the f u r t h e r c o r r e l a t i o n of the 149/150,Ocm 1 INS t r a n s i t i o n w i t h V appears 
26 
j u s t i f i e d . U n f o r t u n a t e l y , no s i m i l a r d e f i n i t e c o n c l u s i o n may be reached 
regarding V ( t o r s i o n , A l u ) » except t h a t i t could be p r e s e n t below the 
l a t t e r peak. However, from comparison of the b a r r i e r (77,48-78,53/77,65-
78,69 k J mol ) suggested by t h i s frequency (Table 8,18) w i t h the crude 
approximation to the b a r r i e r to benzene r o t a t i o n i n Cr(CgHg)g y i e l d e d by 
-1 23 
the a c t i v a t i o n enthalpy (19,06 k J mol ) , i t would seem t h a t tho t o r s i o n a l 
mode should p o s s i b l y occur to lower energy. Assuming th a t t h i s i s c o r r e c t , 
then before examination of the lowest frequency T-O-F v i b r a t i o n s , the 
remaining unassigned BFD t r a n s i t i o n ( 2 1 2 c m ^ ) may be a s c r i b e d , f o l l o w i n g 
406. 
fho BQggjog t@ ftho station o f th® B®mzQn® Liisamda i n Cg(C^H^,)^I 
SuOTaated by SQy®gal p o s s i b l e Ttogjaonal gg-equenciias 
( o n - 1 ) 
Sari?iQi? C a l c u l a t e d U s i n g 
th© Kod®l o f " C c a p l s x e d " 
C^H_^ (t£j E O l " 1 ) 
6 6 
B a r r i e r C a l c u l a t e d U s i n g 
the Kodel o f " F r e e " 
CgHg ( k j B o l A ) 
3o14+0„32 3o15+0.32 
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23 
study of Cac?p>to®ii s t s i , „ and th® d i s c u s s i o n 52 i.aam® , o f fth® bairiri©F t o th® rotation o f th® benzee® 
m o l e c u l e s i n Cg(C„ a s i x - f o l d basTies* has b®©ir> assuiusd. 
C a l c u l a t i o n bes®d mp&n th® s t r u c t u r a l data of Korosin for 
C F ( C _ W . . ) 0 I 4 8 o H©w®v®ff, 00 th® C-H bond lengths within th® 
ligand b®nz®n® DOISCMISS wars not quoted i n t h i s OOJTISP em 
average valu® has bsan tok®n of tho too C-H bond lengths 
ffspojrtcd within th© bcunz©n® ligands of Cs >(C_H.)_ by Fb>st®]? ©t 
i s i s 
a L ' (Appsradiss 5 ) . 
oo C a l c u l a t i o n bas®d upon th® s t r u c t u r a l data of Stoichoff for 
51 
l i q u i d tosnz®m© (App®ndix 1 ) . 
407. 
Cr(C-H.)„, to a combination band e.g. 149+8/150 o0+7„5cm 1+55„0+2„5cm 1 = 
6 6 2 — — — 
204+10 o5/205+10,0 cm" 1. 
U n l i k e the P(ffl ,R ) s p e c t r a of C r ( C H „ ) n „ those of the c a t i o n i c s p e c i e s 
6 6 2 
show only two bands lower i n frequency than t h a t assigned to v 
( d e f o r m a t i o n , E l u ) , t h a t i s at 30„0cm 1 and a t 55„Ocm Of these, the 
former would give r i s e to a b a r r i e r to benzene l i g a n d r o t a t i o n w i t h i n 
/ ** -1 Cr(C„H„)„I of 3„14+0 032 /3„15+Q„32 k J mol , and the l a t t e r a b a r r i e r 6 6 2 — -
/ *# -1 ^ -1 of 10,56+00 98 /10,, 58+0.98 k J mol „ The 3„14 /3„15 k J mol value 
suggested by the 30„0cm ^ frequency i s i n poor agreement w i t h t h a t reported 
-1 23 
f o r the analogous b a r r i e r i n Cr(CgHg) 2 (19«06kJ mol ) , and the t r a n s i t i o n 
-1 
would t h e r e f o r e appear reasonably as s i g n e d to a l a t t i c e mode. The 55 o0cm 
peak, on the evidence d i s p l a y e d by i t s F u l l Width a t H a l f Maximum (FWHM), 
seems to be a composite of s e v e r a l u nresolved bands (two of which may be 
observed i n o p t i c a l s p e c t r a (Table 8„12)) 0 I n the absence of b e t t e r 
r e s o l v e d P( 0! , j8 ) s p e c t r a , no c o n c l u s i v e judgement can be made as to 
whether the mode !£ 2(torsion, A ^ ) or the whole-body l i b r a t i o n of the + -1 Cr( C - H c ) r , group about i t s s i x - f o l d a x i s are contained w i t h i n the 55„0cm o b 2 
T-O-F band. However, i n view of the asymmetry d i s p l a y e d to the high 
energy s i d e of t h i s peak, i t i s probable t h a t both V and the whole-body 
l i b r a t i o n occupy p o s i t i o n s i n the spectrum s i m i l a r to those thought l i k e l y 
-1 -1 f o r Cr(C„H„)„ (i„e„ a t 82„0cm and c a 59,5cm respectively)„ O O 2 
408. 
B. C H Cr(CO) and C H Mn(CO),Br -6~6 
lo I n t r o d u c t i o n : C _ H _ C r ( C 0 ) o 
6 6 3 
a) The S t r u c t u r e of C-H-Cr(CO) 
6 6 3 
The s t r u c t u r e of C g H gCr(CO) 3 , as determined by s i n g l e c r y s t a l 
X-ray d i f f r a c t i o n a t room temperature, was reported i n o u t l i n e by C o r r a d i n i 
54 55 56 and A l l e g r a i n 1959, ' and i n g r e a t e r d e t a i l by A l l e g r a i n 1961 (Table 8„19), 
C r y s t a l s of the compound were shown to c o n t a i n two molecules i n a raonoclinic 
u n i t c e l l (a=6„09A\ b = 10„99a\ c = 6.58A* and f3 = 101 „ 5 ) belonging to space 
2 f 
group P2 1/m ( C ^ ) . Within each C„frLCr(C0)_ molecule (dia„8(xvi)). the 6 6 3 
s i x carbon atoms of the benzene group were l o c a t e d a t an equal d i s t a n c e 
from the c e n t r a l chromium atom 2019_+0„03S, w h i l s t the t h r e e c a r b o n y l groups 
were c o l l i n e a r w i t h the metal atom, l e a d i n g to a pyramidal s t r u c t u r e f o r the 
Cr(CO) moiety ( a n g l e OC-Cr-C0= ~90°)„ I t was noted t h a t the plane 
o 
c o n t a i n i n g the s i x benzene r i n g carbon atoms was p a r a l l e l to t h a t c o n t a i n i n g 
the t h r e e oxygen atoms of the carbonyl l i g a n d s , and t h a t the bonds of the 
ca r b o n y l groups d i s p l a y e d a "staggered c o n f i g u r a t i o n " r e l a t i v e to the 
carbon-carbon bonds of the benzene ring, i„e„ 
d i a . 8 ( x v i ) a Model of the C H Cr(CO) Molecule a f t e r A l l e g r a 
6 6 3 
56 
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a s m 
dia.8(xvi)b„ P r o j e c t i o n of the Un i t C e l l of C,H,Cr(CO) a f t e r 
B a i l e y and D a h l 5 7 . • 3 
On the b a s i s of the s t r u c t u r a l model f o r C„H„Cr(CO)„, thus 
6 6 3 
2 3 
e s t a b l i s h e d , the chromium atom was considered to be d sp h y b r i d i s e d , 
57 
Subsequently (1 9 6 5 ) , B a i l e y and Dahl made a room temperature t h r e e 
411. 
d i m e n s i o n a l X-ray s t r u c t u r a l study of a CgHgCr(C0)g s i n g l e c r y s t a l 
( T a b l e 8,19). As w e l l as r e a f f i r m i n g the u n i t c e l l dimensions d e r i v e d 
54-6 
from the e a r l i e r two-dimensional i n v e s t i g a t i o n of C o r r a d i n i and A l l e g r a „ 
s e v e r a l r e f i n e m e n t s of the i n t e r n a l m olecular parameters were c a r r i e d out i n 
order to d i s c o v e r whether the benzene group was t r i g o n a l l y d i s t o r t e d i n the 
manner which had been proposed f o r the benzene l i g a n d s of Cr (C-.H.) n ( s e e 
<Q b Z 
p r e v i o u s l y ) . 
I n i t i a l l y , an i s o t r o p i c l e a s t - s q u a r e s treatment of the exp e r i m e n t a l 
data determined the carbon-carbon bond l e n g t h s w i t h i n the benzene r i n g to be 
1.412$, w h i l e d i f f e r e n c e s y n t h e s i s l o c a t e d the s i x hydrogen atoms i n p o s i t i o n s 
b e l i e v e d to be c h a r a c t e r i s t i c of those occupied i n f r e e benzene„ F u r t h e r 
i s o t r o p i c l e a s t - s q u a r e s refinement a p p l i e d to a l l atoms ot h e r than hydrogen 
(ea c h of which was f i x e d 1.08$ from the r i n g carbon atom to which i t was 
bonded), l e d to a l t e r n a t e carbon-carbon d i s t a n c e s of 1.393$ and 1.395$ 
(average 1.394$),, A r i g i d body i s o t r o p i c l e a s t - s q u a r e s refinement was then 
attempted, w i t h the benzene molecule c o n s t r a i n e d to D symmetry (carbon-
oh 
carbon bond l e n g t h s = 1.392$ and carbon-hydrogen bond l e n g t h s = 1.08$). 
Poor agreement was, however, found w i t h experiment, which was a t t r i b u t e d 
to a n i s o t r o p i c thermal motion. Consequently, an a n i s o t r o p i c refinement 
( R e l i a b i l i t y index, R = 0.042) was made of the p o s i t i o n s of a l l atoms other 
than hydrogen (which were c o n s t r a i n e d as i n the i s o t r o p i c refinements 
d e t a i l e d above). Four independent carbon-carbon d i s t a n c e s r e s u l t e d , from 
which two average bond l e n g t h s of 1.393$ and 1.408$ could be obtained, 
r e p r e s e n t i n g a l t e r n a t e carbbn-carbon bonds. Both v a l u e s , though, were 
the same w i t h i n e x p e r i m e n t a l e r r o r (1.401$), and i t was thus concluded 
t h a t the d e v i a t i o n of the benzene r i n g from D symmetry was n e g l i g i b l e . 
on 
Comparison of the carbon-carbon bond l e n g t h f i n a l l y d e r i v e d (1.401$) 
w i t h t h a t r e p o r t e d w i t h i n the benzene l i g a n d s of C ^ C ^ H ^ ^ (1.387$ V l . 3 9 2 $ i 0 ) 
showed good agreement. I n c o n t r a s t , the average chromium-ring carbon bond 
l e n g t h ( 2 , 2 2 1 $ ) , and the d i s t a n c e of the benzene r i n g plane from th© 
chromium atom (1,724$) i n C gHgCr(CO^ were both longer than those measured f o r 
C r ( C g H g ) 2 (2.125$ and 1.605$ r e s p e c t i v e l y 1 0 ) , r e f l e c t i n g the weak©r bonding 
considered to be p r e s e n t i n the c a r b o n y l - c o n t a i n i n g complex. 
Disagreement w i t h the above c o n c l u s i o n r e g a r d i n g D_. symmetry was vo i c e d 
on 
58 59 
by Rees and Coppens (1972/73) ' f o l l o w i n g f u r t h e r s i n g l e c r y s t a l work 
( 7 8 K ) , t h i s time employing both X-ray and neutron d i f f r a c t i o n ( T a b l e 8,19 
and d i a . 8 ( x v i i ) ) . Assuming C_H_Cr(CO) to be a r i g i d body ( w i t h th© 
b b o 
e x c e p t i o n of the hydrogen atoms), two a l t e r n a t e carbon-carbon bond d i s t a n c e s 
were determined. The f i r s t l a b e l l e d " c i s " were those bonds i n t e r s e c t e d 
by the p r o j e c t i o n s of the Cr-C-0 bonds onto the benzene plane, and were 
1,423$ i n l e n g t h ( t h a t i s t o say, 0.024$ longer than the carbon-carbon bond 
d i s t a n c e s determined f o r uncomplexed benzene, and e q u i v a l e n t to those 
11 12 re p o r t e d w i t h i n the benzene l i g a n d s of Cr(C_H_)_ ' ) . The second carbon-b b 2 carbon bond, denoted " t r a n s " were those bonds not i n t e r s e c t e d by the p r o j e c t i o n 
0141 014) 
to 
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d i a . 8 ( x v i i ) S t r u c t u r e s Determined f o r CQHfiCr(CO)3 by X-ray ( l e f t ) and 
58,59) Neutron ( r i g h t ) D i f f r a c t i o n ( a f t e r Rees and Coppens 
413. 
of the Cr-C-0 bonds onto the benzene plane and were 1.406$ i n l e n g t h 
o 
( t h a t i s to say 0.007A longer than the carbon-carbon bond d i s t a n c e s 
p r e s e n t i n f r e e benzene). I n a d d i t i o n , neutron d i f f r a c t i o n showed the 
hydrogen atoms of the benzene r i n g to be d i s p l a c e d an average d i s t a n c e 
of 0.03$ from the r i n g plane towards the chromium atom. Thi s phenomenon 
was e x p l a i n e d by the suggestion t h a t , on complexation, the o r b i t a l s 
of the benzene r i n g carbon atoms bent towards th@ chromium atom. Hence the 
t r i g o n a l h y b r i d s which form <? bonding o r b i t a l s w i t h hydrogen, and which 
l i e i n the nodal plane of the carbon P^ . o r b i t a l s , no longer e x a c t l y 
c o i n c i d e d w i t h the benzene r i n g plane. 
The vapour phase s t r u c t u r e of CgHgCr(C0) 3 has r e c e n t l y (1975) been 
i n v e s t i g a t e d by Chiu e t a l . ( T able 8.19) . E l e c t r o n d i f f r a c t i o n measurements 
were made a t 413K and, on the b a s i s of these data, a u x i l i a r y v i b r a t i o n a l 
c a l c u l a t i o n s were c a r r i e d out. Valence f o r c e c o n s t a n t s of the compound 
( d e s c r i b e d by c a r t e s i a n c o - o r d i n a t e s ) were chosed by anaology w i t h complexed 
21 61 
benzene and Cr(CO) i n such a way as to reproduce approximately mean 
6 
amplitudes of v i b r a t i o n p r e v i o u s l y determined from a v i b r a t i o n a l a n a l y s i s 
62 
based on symmetry c o - o r d i n a t e s . The approximate f o r c e f i e l d was then 
t 
used to c a l c u l a t e mean amplitudes of v i b r a t i o n f o r s e v e r a l proposed conformers of C.H„Cr(C0)„. From these, and s t r u c t u r a l parameters d e r i v e d from the 6 6 3 
e l e c t r o n d i f f r a c t i o n data, t h e o r e t i c a l r a d i a l d i s t r i b u t i o n curves were 
generated which were compared w i t h those obtained e x p e r i m e n t a l l y by 
e l e c t r o n d i f f r a c t i o n measurements. I t was shown to be i m p o s s i b l e f o r an 
i n d i v i d u a l conformer w i t h t h r e e - f o l d symmetry to reproduce t h e o r e t i c a l l y the 
experimental data, best f i t s n e c e s s i t a t i n g models employing mixtures of 
The term conformer i s used to denote forms of C„H^Cr(C0)_ which d i f f e r only 
b o o 
w i t h r e s p e c t to the r o t a t i o n a l arrangement of the benzene r i n g r e l a t i v e to 
the carbonyl groups. 
414. 
conformers. Consequently, i t was concluded t h a t CgHgCr(CO) 3 e x i s t e d as 
a mixture of s e v e r a l conformations i n the gaseous s t a t e . Furthermore, 
w h i l s t n e i t h e r d i f f e r e n c e s of enthalpy between the v a r i o u s conformations, 
nor the b a r r i e r to the r o t a t i o n of the benzene group could be c a l c u l a t e d , 
there was considered to be s u f f i c i e n t evidence to i n d i c a t e that the 
benzene l i g a n d w i t h i n C 6HgCr(CO) 3 was e s s e n t i a l l y an unhindered r o t o r i n 
the vapour phase, 
b) The B a r r i e r to the Ro t a t i o n of the Benzene Ligand i n C_H-Cr(CO)„ 
b o o 
To our knowledge, the only i n f o r m a t i o n a v a i l a b l e regarding the 
r o t a t i o n a l b a r r i e r of the benzene group w i t h i n CgHgCr(CO) 3 i s contained 
60 
w i t h i n the p r e v i o u s l y d i s c u s s e d e l e c t r o n d i f f r a c t i o n study of Chiu e t al„ 
T h i s showed t h a t , a t l e a s t i n the gaseous phase (413K), the benzene l i g a n d 
was almost an unhindered r o t o r , w i t h C„H_Cr(C0)_ e x i s t i n g as a mixture of 
O b o 
s e v e r a l conformers, 
c ) P r e v i o u s S p e c t r o s c o p i c S t u d i e s of CgHgCr(C0) 3 
Before rev i e w i n g the s p e c t r o s c o p i c work c a r r i e d out on 
C„H~Cr(C0) o , i t i s worthwhile c o n s i d e r i n g the symmetries and a c t i v i t i e s 6 6 3 
of the 51 ( 3 ( 1 9 ) - 6 ) normal v i b r a t i o n s p r e d i c t e d . T h i r t y of these are 
d e r i v e d from i n t e r n a l modes of the benzene l i g a n d , which are e q u i v a l e n t 
to those i l l u s t r a t e d i n d i a , 8 ( i i i ) and l i s t e d i n Table 8„2 f o r f r e e 
benzene, (Reference f r e q u e n c i e s f o r the v i b r a t i o n s w i t h i n the l a t t e r 
molecule ( l i q u i d and s o l i d phases) are d i s p l a y e d i n Table 8.3 .) I n 
c o n t r a s t to benzene, however, C„H/,Cr(C0)„ possesses C r a t h e r than D„, 
b b J Jv 6h 
molecular symmetry. Hence c o r r e l a t i o n between these two symmetry 
c l a s s e s employing Table 8,20, l e a d s to the d e s c r i p t i o n of the i n t e r n a l 
modes of the benzene l i g a n d given i n Tables 8,21 and 8,22 (where the 
numbering system, to V 2 q > a s f ° r t n e f r e e molecule, f o l l o w s t h a t of 
24 
Wilson ) , Of the remaining normal v i b r a t i o n s of C„H„Cr(C0)„, 15 ( j / . . to u„A) 
6 b 3 25 J4 
r e s u l t from i n t e r n a l modes of the C r ( C 0 ) 3 moiety ( d i a . 8 ( x v i i i ) and Tables 
8„21 and 8b 2 2 ) , w h i l s t 6( y to V O A ) r e p r e s e n t motions of the benzene 
group r e l a t i v e to the C r ( C O ) 3 fragment ( d i a 0 8 ( x v i i i ) and Tables 8.21 and 
8.22). 
Table 8.20 C o r r e l a t i o n of D„. and C„ Molecular Symmetries g n j v 
D 6 h C 3 v 
A 1 3> A 
\ — 5> A 
2g 2 
B 1 5> A 
B 2 g > 
E 2 g 
A, 5- A 0 
l u 2 
A 2 u > A l 
B, — > A-l u 2 
2u 1 
E l u 
E 2 u 
The i n f r a r e d spectrum of CLH„Cr(C0)_ (above ca„250cm was f i r s t 
b o 3 
63 
reported by F r i t z and Manchot i n 1962 „ Study of samples c o n t a i n i n g 
both hydrogenous and deuterated benzene i n the s o l i d s t a t e (KBr and KI 
d i s c , as w e l l as n u j o l m u l l ) , vapour s t a t e and i n s o l u t i o n ( C S 0 and CC1.) 
enabled a comprehensive assignment scheme to be drawn up ( p a r t of which 
i s reproduced i n Table 8 0 2 3 ( a ) f o r the region of the spectrum of i n t e r e s t 
i n t h i s work, below 1000cm On the b a s i s of the r e s u l t s obtained, the 
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4 1 7 . 
TABLE 8,21 Vibrational Analysis of C H cCr(C_0) 3 Employing C 3 v Sy more try 
D® s c r i p t i o n 
of Vibrati©n 
Symmetry 
\ A 2 E 
f(C-C) 2 ( D . ( 1 4 ) 0 2<8), ( 1 9 ) 
f(C-H) , ( 2 ) , ( 1 3 ) 2 ( 7 ) . ( 2 0 ) 
6.. ( c - c -c ) 
ipb 
0 
, ( 1 2 ) , ( 6 ) 
6 . ( C - G - C ) 
opb 
0 
, ( 4 ) , ( 1 6 ) 
6. U(C-H) ipb 
, ( 1 5 ) , ( 3 ) ( 9 ) , ( 1 8 ) 
2 
6 o p b ( c - H ) 
, ( 1 1 ) , ( 5 ) 




, ( 3 0 ) 
P(Cr-CO) , ( 2 5 ) 0 , ( 2 7 ) 
6 ( C r - C - 0 ) , ( 3 1 ) , ( 3 2 ) 2 < 3 3 ) , < 3 4 ) 
S(OC-Cr-OC) , ( 2 6 ) 0 , ( 2 8 ) 
l/(Cr-0) , ( 2 1 ) 0 0 
Ring T i l t 0 0 , ( 2 3 ) 
Torsion((CO) 3-Cr-0) 0 , ( 2 2 ) 0 
6((CO) 3-Cr-0) 0 0 X ( 2 4 ) 
Total Number of 
Stretches of Each 
Species 
6 1 6 
Total Number of 
Bends of Each 
Species 
4 6 1 1 
Total Number of 
Vibrations of Each 
Species 
1 0 7 1 7 
A c t i v i t y IR and R i .a. IR and R 
V = s t r e t c h ; 6. . = in-plan© bend; 6 . = out-of-plane bend; i pb opb 
R = Raman act i v e ; IR = infrared active; i . a . = i n a c t i v e ; ( ) = number 
of vib r a t i o n (nufflbers assigned to in t e r n a l modes of the banzeraligand 
2 4 
( ^ j - ^ 2 0 ) follow those of Wilson ; those assigned to th© remaining modes 
follow F r i t z and Manchot^3)-
J5gvqUl_B_a3g_, j^^ej?A!fj.Aon o.g-Jfcfr0..Wornol ta»3oo OS V i b r a t i o n of C c H c C r ( C O ) 
ABQuoing_C S y c s a t r y 
NuaEor o£ S y c s a t r y S p e c i e s 
V i b r a t i o n * I n s c r i p t i o n and A c t i v i t y (C_ ) 3v 
vx f ( C - C ) Aj (1R and R) 
V2 
C(C-H) A ( I R and R) 
6 i p b ( C - " > A 2 ( i . a . ) 
6 o p b ( C - C - C ) A 2 ( i . a . ) 
6 o p b ( C - H > A 2 ( i . a . ) 
\ 6. ^ ( c - c - c ) 
ipb 
E ( I R and R) 
Vl E ( I R and R) 
% v(c-c) E ( I R and R) 
6. ,(C-H) lpb E ( I R and R) 
V10 6 . (C-H) opb E ( I R and R) 
" l l 6 o K < C " H > opb A ^ I R and R) 
V12 6. ^(C-C-C) l p b A 2(i.«.) 
»13 l^(C-H) A 2 ( i . a . ) 
V14 
f ( C - C ) A j ( I R and R) 
6 i p b ( C - H ) A 1 ( I R and R) 
V 
16 5 o P b ( C - C - C ) E ( [ R and R) 
V 
17 6 o P b ( C - H ) F. ( I R and R) 
vis 6 i p b ( C - H ) E ( I R and R) 
V(C-C) E ( I R and R) 
V20 L-(C-H) E ( I R and R) 
V2\ y s ( C r - 0 ) A j ( I R and R) 
V22 
T o r s i o n ( 0 - C r - ( C O ) 3 ) A 2 ( i . a . ) 
V23 Ring T i l t E ( I R and R) 
U24 6(0-Cr-(CO) 3) E ( I R and R) 
V 2 5 V (Cr-CO) s A ^ ( I R and R) 
V26 6(OC-Cr-CO) A X ( I R and R) 
v27 l / a s ( C r - C O ) E ( I R and R) 
V%Q 6(OC-Cr-CO) E ( I R and R) 
U29 
V (C-O) s A j ( I R and R) 
V30 " a s ' 0 ' 0 1 E ( I R and R) 
U3l 6(Cr-C-0) A j ( I R and R) 
VZ2 6(Cr-C-0) A 2 ( i . a . ) 
V33 6(Cr-C-0) E ( I R and R) 
" 3 4 6(Cr-C-0) E ( I R and R) 
D = s t r e t c h ; 6 = i n - p l a n e bend; 6 , = out-of-plan<? bond; ipb opb 
s = o y c n o t r l e ; as = a n t i s y i a a a t r t c ; 0 - C_ H_; R = Raman a c t i v e ; 
IR o i n f r o r o d a c t i v e ; l . a . - i n a c t i v e . 
o Tho nuobarlng of those normal modes which r e s u l t f r o a i n t e r n a l 
v i b r a t i o n s of the benzene l i g a n d ( to V20^ f o l l o w s that of Wilson 
thQ numbering of the remaining modes f o l l o o s F r i t z and Manchot.6-' 
4 1 9 . 
JjftJgLfi 0.23(g) Tfta SpoctroocOplo Proouonclon (co ) ortd Acfltgnrraolo of Cj-H^ CrCOO^  . Roported by 
Yorloua Authoro for tho flogion boI cm lQOOca"1 
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VI brat1on:Syc=otry ond Description lnrrorod Froquoncy 
Vlbrm ion: Syc=>t ry 
ond Description Intro red Frequency Vibration? SyR=»iry and Description 
| 07B 
COS 
S(A,) 1 .a.b. 
10(E) l.o.b. 
osa 17(E) l.o.D. 
003 
OSS 
33 <• 35 
31 » 33 
Oil 704 
33 . 36 
IKAj) l.o.b. 
710 




033 38(E) t.o.e. 0M 33(E) t.o.e. 33(H) I.D.C. 634 34(E) l.o.c. 
012 (563)° 
0(E) l.D.ti. S I 9 8(E) l.o.b. 
533 35(6,) l.o.c. 535 30(2) I.D.e. MO 34(E) I.D.C, 337 23(A1) l.o.c. 




3S(At) l.o.e. 009 a8(A!) l.o.e. 107 SKA,) l.a.c. 487 -
022 101E) l.o.b. 434 16(E) l.o.b. 
32Q 
338 
32(E) Olna silt 333 
SOT ] 
23(E) Ring tilt 
ma 
S03 37(C) l.o.c. 21(A,> f0(Cr-0) 
303 37(E) d,o.«. 





tf a occoacti; a ° oynzotric; oo o ontioycr^trtc, i .o. o. o mtornol aoda of boniono 1 l(jond ; t. •. c. » intornal ccdo of the 
Cc(CO). oototy. 
( ) Geloilon doto: in CSg; In CCl^; in CH^Cl^, In CHCiCCl3; P ° polorlaod nooon bond; dp = dopolorlaod Dorian fcartfl, 
& rs^O wStPOOtono novo boon t>o) nuatorcd oo oo to foil era tho convontien of Prl tu dm) ttonchoiV 
fiff 0SCO grcap ayc=a%ey (Co> hoo boon conotdorod In addition to caloculor oyc^atry ^ j v > *Soo To bio 8,24). 
63 
o SnfTiratrCt) data of Prltc OIK) ttonehot . 
37 
oo Rerun (lotto of DovleJacn and OUoy U971). 
420. 
Adams and Squire ( 1 9 7 0 ) 6 9 
1 70 1 Schafer el a l . ( 1972 ) 
Raman Infra red Vibration ^ : Symmetry^ Raman Vibration : Symmetry 
Frequency Frequency and Description Frequency and Description 
970 979 K A j ) i.o.b. 980 1 ( A ) i.o.b. 







10 ( E ) i.o.b. 










31' ( A _ ) / 3 l " (B ) i . a . c . 
o u 
32" ( B )/32" (A ) I . D . C . g u 
664(657,P) 9 3 1 ( A j ) i .m.c. 
SO© 635 638 
627 
|33a'(A ),33b'(B )/33a"(B u 
l33b" & ) i.a.i. ^ u 
644 3 3 ( E ) i.ra.c. 
S17 313 613 6 ( E ) i.oa.b. 614 6 ( E ) l.ra.b. 
903 34a' (A ) i.ra.c. 
g 34b°(B )/34a" (B ) , S u 
34b" (A ) i.m.c. u 
543 3 4 ( E ) I.ra.c. 
537(336.dP) d 533 536 535 ( 5 3 2 . P ) 6 25(A,)i.m.c. 
080 488 492 f27a'iA ),27b' (B ) / , g g 
<SBS (483,P)° 483 486 
[27a" (B ),27b" (A h.m.c. 
25' (A $ 2 5 " (B ) "i.m.c. 
g u 486(480,P)
8 28(A 11 i.ra.c. 
427 421 424 1 6 ( E ) i.ra.b. 426 16(E) i.m.b. 
333(333„dP) C 23a"(A s)RiriB t i l t 332(332,dp) e 2 3 ( E ) Ring t i l t 
338 328 330 *23b'(B )/23a" (B ), , g u 
23b" ( A u ) R i n g t i l t 
298(301,P)° 298 301 2 l ' ( A g ) / 2 l " ( B u ) Ws(Cr-0) 
303 
298(301,P) e 
2 7 ( E ) l . n . c . 
21(A ])i/ s(Cr-0) 





2 6 ( A ) i . a . c . 
i L a t t i c s Didos and 
110 28(E ) i.ra.c. 
43 49 I J 2 4 ( E ) 6(0-Cr-(CO) 3) 
1/ = ofcirottch.; a = symmetric; as = antisymmetric; i.ra.b. = l n t s r n a l code of 
tho bsnzans l i g a n d ; i . • . c . = i n t e r n a l node of the Cr(C0> 3 raoicty. 
( ) S o l u t i o n doto: 8 i n CS 2; b i n C C l ^ ; ° i n CH 2C1 2; d i n CHClCClgj 
i n C g H g ; P = polariood Racon band; dP = d e p o l a r i s e d Rauan band. 
f Tf>0 vibyoticmo hovo boon (ro-)nuDbored ao as to follow thQ convention of 
Fri«o omd Ennchot 5? 
Sifco gpoiap o y c ^ o t p y (C Q) hao boon considered i n a d d i t i o n to c o l s c u l a r 
oycrxi«py (C ) (ooo Tablo 8.24). 
o Xnffrorod do4o oS Fritz and ttnehot. 
oo fito loSt hand aido eoluca contoino data f o r oabiont toagraraturoo, tho 
s-aghft hnnd Dido c o l u o i that fOF l i q u i d n i t r o s o n tooporoturo. 
421. 
*MgUB Q.gSKe) Tto S p e c t r o s c o p i c F F s q u o n c i s s (co ) end Aoslgncanto oi 
C g H g C r ( C O ) R e p o r t e d by Various Authors for tha Region 
Ft-ctjuoney Frequency 




































Butt a r y ot e l . (1974) 72 
V i b r a t i o n iSycoafcry 
arid B a s e r i p t S o n 
2 s 23 
1 7 ( E ) Sjn.te. 
21 • 34 
10(E ) i.m.tt. 
3 1 ( A j ) i.m.c. 
3 2 ( A ) i.m.e. 
11 (A^) i.m.te. 
3 3 ( E ) .m.e„ 
6(2 ) 10m.G>„ 
23 * 28 
3 4 ( E ) i.m.e. 
2 7 ( E ) l.m.c. 
2 3 ( A ) l.m.c. 
23 * 28 
21* 28 
1 6 ( E 2 ) ».m.fc. 
21 * 20 
2 3 ( E ) R l n a 4 1 U 
21 (A.) V (Cs~$> 
2 s » 
2 S ( A a ) i.m.e. 
2 8 ( E ) &.m.c. 
2 4 ( E ) 6 ( @ - C P - ( C O ) 3 ) 
























/ 73 V i b r a t i o n j S y c o a i p y r 
and I n s c r i p t i o n 
3 l U )/31" (B )l.m.e„ 
£5 « 
32" ( A ) i.m.e. 
33a' ( B ),33tf° (A ) S..m.e. 
u u 
34a (A )/34o (B ) i.m.c. 
34b'(ef )/34b " ( A U )t.m.e. 
2 7 a ' ( 0 , 2 7 b ' ( B ) / 2 7 Q u ( B U ) 
2Tb"(A ) i.m.e. u 
2S' (A )/25 " ( B H j n . c . 
B U 
26 (A )/26 (B ) l 0 m . c . 
2 8 a ' ( A g ) s 2 8 b ' ( B g ) / 
29o"(B ),28b"(A ) i . m 0 c . 
B/ = seroeeh; D = o y c c o t r i c ; D9 = Q n U G y c s a t e i c ; l.o.b. = initopnol csdo o£ iho bsisaoito 
l i G 0 " * 3 ! i . n . c . = i n t o r n o l cado o« th© C F ( C O ) 3 ooiQt.y, 
Sacs*); dp = <3o|jiolQrtoc<S Rocon band. 
Tito viOroSieiio havo faoon( pojnuabsrsd ao oa so follow fcfro convention o£ F F I S S & Kanchot 
(Sco Toblo Q„24 ) 
o jnffpopoiil tfoao oi P r U t s and Ctamchoe 
0 0 1>&[JDIKS bonnofto hoo boom oeaucadl W poooooo C g w c s l o c u l a i ? Oymmeftpy,, 
( ) S©liss£ft<ra SJB«D: " I n C S 2 ; " i n C C l ^ ; ~ in CHgClg ;~ i n CHCXCClg; p = poloFioG^l Karrora 
x>  
j ^ / 1 S&so group oyes^stry (*-0) t ! Q 0 boon co3ioi(3or®d i n a d d i t i o n eo c o l Q c u l a r ayec^ssry ^ * « ) 
,73 
422. 
i t was suggested t h a t the benzene group w i t h i n C„H Cr(CO) a l s o possessed 
6 0 3 
t h r e e - f o l d symmetry i n a s i m i l a r manner to that which had been proposed f o r 
the benzene l i g a n d s w i t h i n Cr(C_H_)_ (i„e„ as a r e s u l t of the benzene r i n g 
fa b £, 
being composed of a l t e r n a t e s h o r t and long carbon-carbon bonds). 
64 
Subsequently (1964) Adams , i n an i n f r a r e d i n v e s t i g a t i o n ( n u j o l m u l l ) 
concerned w i t h the modes y(Cr~CO) and 6 ( C r - O 0 ) of a s e r i e s of 52 i n o r g a n i c 
complex car b o n y l s , concluded t h a t the v i b r a t i o n V0A 6(OC-Cr-CO),A ) had 
63 
been mis-assigned by F r i t z and Manchot , c o n t r a s t i n g the frequency of the 
band i d e n t i f i e d as v n c i n C_H.Cr(CO)„ (483cm 1 ) , w i t h t h a t e s t a b l i s h e d 
£K> b b o 
f o r the analogous mode i n Cr(CO) (ca„100cm I n consequence, he 
b 
r e - l a b e l l e d the v i b r a t i o n a t 483cm 1 V0A V (Cr-CO),A ) , and a s c r i b e d 
£tO S 1 
the frequency formerly suggested f o r v (535cm 1 ) to V~A 6 ( C r - C - 0 ) , E ) , 
65 
a p a t t e r n of assignments endorsed by Brown and C a r r o l l (1965) f o l l o w i n g 
f u r t h e r i n f r a r e d work (KBr d i s c and n u j o l m u l l ) i n the same s p e c t r a l region 
( T a b l e 8 023(a))„ 
Another l i m i t e d study of the i n f r a r e d spectrum of C„H„Cr(C0) 
6 6 3 
— ^  gg 
(250-700cm ) was undertaken by C a t a l i o t t i e t a l , i n 1970 u s i n g KBr d i s c 
and CC1 4 s o l u t i o n (Table 8 . 2 3 ( a ) ) , I n c o n t r a s t with previous r e p o r t s , 
three v i b r a t i o n s ( e x c l u d i n g t h a t a t t r i b u t a b l e to the benzene l i g a n d mode, 
^ g ( E ) , a t 615cm were l o c a t e d between 600cm 1 and 700cm 1 . These were 
considered to r e p r e s e n t the three p r e d i c t e d i n f r a r e d a c t i v e Cr-C-0 bends, 
^ 3 1 ( A 1 , 659cm 1 ) , !y 3 3(E,667 and 669cm""1) and y ( E , 634cm" 1). Furthermore, 
employing the argument that the observed lowering i n frequency of the s t r e t c h e s 
f(C-O) ( ^ 2 Q ( A 1 ) and ^ 3 0 ( E ) ) i n C 6HgCr(CO) 3 r e l a t i v e to C r ( C 0 ) g should be 
r e f l e c t e d by an e q u i v a l e n t i n c r e a s e i n the frequency of the s t r e t c h e s 
K C r - C ) ( ^ 2 5 ( A ] _ ) and ^ 2 ? ( E ) ) i n CgHgCr(C0) 3, again r e l a t i v e to the 
parent c a r b o n y l , the bands a t 537cm 1 and 492/487cm 1 were designated 1/ 
The frequency range i n v e s t i g a t e d i n the study was r e s t r i c t e d to 468-682cm 1 . 
423 
and v r e s p e c t i v e l y . Support f o r the above re-assignments was claimed 
from a p a r t i a l Normal Co-ordinate A n a l y s i s i n which the benzene group was 
assumed to be a p o i n t mass (hence p o s s e s s i n g no i n t e r n a l v i b r a t i o n s ) and 
the modes v o 0 ( t o r s i o n (0-Cr=(CO) ),A ) and 1>» (Ring tilt„E) were ignor©d„ 
Ha v i n g i n i t i a l l y i n f e r r e d f r e q u e n c i e s f o r )V o _ ( 6(0C-Cr-C0),A,) and ^ o o ( 6 ( 0 C - C r - C 0 1 E ) 
• S O JL i,Q 
from Cr(CO) /, (94cm ^ (vnfS) and 72cm ^(Vr.0\), c a l c u l a t i o n l e d to v a l u e s f o r the 
two deformations of 93cra 1 and 74cm 1 r e s p e c t i v e l y . I n a d d i t i o n , the 
p o s i t i o n of the unobserved v i b r a t i o n 1/ (6(0-Cr-(CO) ) , E ) was determined as 
140cm" 1 ( T a b l e 8,25), 
S p e c t r o s c o p i c evidence f o r the assignment of y 2g ( 6(OC-Cr-CO),A 1) was 
subsequently y i e l d e d by th© low frequency Raman spectrum of CgHgCr(C0)g 
67 -1 measured by Davidson and R i l e y , i n which a band a t 110cm ( s o l i d p h a s e ) / 
-\ 93cm ( C H C 1 0 s o l u t i o n ) was, by analogy w i t h the spectrum of C,,Hc;CHoCr(C0)„ 2 £ b i> o & 
(the p r i n c i p l e concern of the work), c o r r e l a t e d w i t h V Ik ) ( T a b l e 8..23(a)),, 
68 
F o l l o w i n g work by B u t t e r y e t a l . which had shown t h a t a n a l y s i s of the 
r e g i o n of the spectrum c o n t a i n i n g v(C-O) (ca„1800-2000cm 1 ) r e q u i r e d 
c o n s i d e r a t i o n of f u l l f a c t o r group symmetry, a thorough r e i n v e s t i g a t i o n of 
the Raman ( s o l i d phase and CHgClg s o l u t i o n ) and i n f r a r e d ( s o l i d phase a t 
both ambient and l i q u i d n i t r o g e n temperatures) s p e c t r a of CgHgC^CO)^ was 
69 
c a r r i e d out by Adams and S q u i r e i n 1970 ( T a b l e 8.23(b)),, The f i n d i n g s 
f o r the'V(C-O) r e g i o n " o f the spectrum were shown to hold e q u a l l y f o r the 
s e c t i o n to lower energy i n which y(Cr-CO) and 6 ( C r - C - 0 ) were s i t u a t e d 
(ca„480-680cm * ) , v i z : non-coincidence between Raman and i n f r a r e d bands,, 
and a l s o a l a r g e r number of v i b r a t i o n s than t h a t p r e d i c t e d by C„ molecu l a r 
symmetry„ On the o t h e r hand, near c o i n c i d e n c e s i n the i n f r a r e d and Raman 
s p e c t r a between t r a n s i t i o n s r e p r e s e n t i n g i n t e r n a l modes of the benzene 
l i g a n d were c o n s i d e r e d to confirm the r e d u c t i o n i n m o l e c u l a r symmetry of 
63 
the benzene r i n g (from D . to C ) proposed by F r i t z and Manchot . (No 
on 3 V 
i n t e r n a l benzene v i b r a t i o n s of A^ symmetry were, however, observed,) 
424. 
T a b l e 8.24 C o r r e l a t i o n Between Molecular P o i n t Group and 
C r y s t a l F a c t o r Group 
P o i n t Group ( C g v ) S i t e Group (C ) s F a c t o r Group < C2h> 
A l A' A (R) + g 
B ( I R ) u 
A 2 A B (R) + g A ( I R ) u 
E A' + A" 
< 
A (R) + 
g 
B (R) + 
. 6 
B u ( I R ) 
A u ( I R ) 
63 
R = Raman a c t i v e ; IR = i n f r a r e d a c t i v e . 
C o n s i d e r i n g the s p e c t r o s c o p i c assignments o f Adams and S q u i r e i n 
somewhat g r e a t e r d e t a i l , i t may be seen t h a t , amongst the i n t e r n a l modes 
-1 
of the complexed benzene group below 1000cm , the d e s i g n a t i o n s of the 
f r e q u e n c i e s p r e v i o u s l y a t t r i b u t e d to p1Q(E) and ^ 1 ? ( E ) by F r i t z and Manchot 
-1 -1 
(965cm and 902cra r e s p e c t i v e l y ) were i n t e r c h a n g e d . T h i s was j u s t i f i e d 
on the grounds of both the r e l a t i v e p o s i t i o n s of the bands i n the spectrum 
-1 -1 34 of f r e e benzene (Z^q = 854cm and v = 975cm )„ and f o r c e c o n s t a n t 
c a l c u l a t i o n s performed on Cr(C_H_) r,I which had placed i ; , . / v,n 
6 6 2 10jn 1° a t 
49 P ° p -1 -1 858cm and / v a t 936cm „ i p op 
Within the r e g i o n of the spectrum c o n t a i n i n g ^(Cr-CO) and 6(Cr-C-0), 
-1 
the band a t 483cm , on account of i t s p o l a r i s a t i o n , was r e - a s s i g n e d to 
V ( V (Cr-CO),A ) , thereby r e t u r n i n g the v i b r a t i o n to the frequency a t & o s J. 
64 65 which i t had been i d e n t i f i e d by Adams and by Brown and C a r r o l l 
-1 
The 490cm t r a n s i t i o n was found to be s p l i t i n the Raman spectrum, w h i l s t 
i t s i n f r a r e d e q u i v a l e n t became a doublet on c o o l i n g . Consequently, the E 
mode suggested was c o r r e l a t e d w i t h the a n t i s y m m e t r i c e q u i v a l e n t of y i 0e„ 
25 
V07( V ( C r - C 0 ) , E ) , a f t e r the scheme of C a t a l i o t t i a t a l . „ was £ I as 34 — \ Q4 _ -j 
r e s t o r e d to 540cm f o l l o w i n g Adams and Brown and C a r r o l l „ w h i l s t the 664cm 
band ( a s a r e s u l t of p o l a r i s a t i o n measurements) was designat e d ( 6(Cr-C-0),A ) 
oX 1 
63 64 
i n agreement w i t h the assignments of F r i t z and Manchot and Adams „ but once 
425. 
more counter to t h a t of C a t a l i o t t i e t al?® The remaining 6(Cr-C-0)E mode ^33 
was a s c r i b e d to the t r a n s i t i o n at 640cm 1 i n the Raman spectrum as a 
consequence of the i n f r a r e d peak analogous to t h a t present i n the Raman 
d i s p l a y i n g evidence of being s p l i t upon c o o l i n g . Again t h i s e f f e c t i v e l y 
r e t u r n e d the mode to the s p e c t r a l p o s i t i o n p e r t a i n i n g before the work of 
C a t a l i o t t i e t al„ F i n a l l y , the as yet u n i d e n t i f i e d v i b r a t i o n i n the 
6(Cr-C-0) region at 658cm * was proposed by e l i m i n a t i o n to r e p r e s e n t 
the f o r m a l l y i n a c t i v e mode ^ 3 2 ( 6 ( C r - C - 0 ) , A g ) , which had become a c t i v e as 
a r e s u l t of the i n f l u e n c e of s i t e symmetry. 
To lower frequency, the p o s i t i o n s of the two w e l l e s t a b l i s h e d v i b r a t i o n s 
V (v (Cr - 0),A ) and v (Ring t i l t . E ) were f u r t h e r confirmed by Raman 
d e p o l a r i s a t i o n measurements (296cm 1 and 333cm * r e s p e c t i v e l y ) . Amongst 
the lowest energy modes, i t was considered t h a t the t r a n s i t i o n whose 
-1 -1 
frequency changed from 60cm to 87cm on c o o l i n g represented a l a t t i c e 
v i b r a t i o n . A s i m i l a r d e s i g n a t i o n was contemplated fo r the Raman bands a t 
131cm ^ and 108cm \ which could not be l o c a t e d i n s o l u t i o n s p e c t r a . 
However, i t was concluded t h a t a l t e r n a t i v e assignments of the 131cm 
-1 _ Raman (146cm , i n f r a r e d ) t r a n s i t i o n to (O(OC-Cr-CO),E) and the 
108cm 1 Raman (119cm 1 , i n f r a r e d ) frequency to l> 2 6(6(OC-Cr-CO),A^^) could 
b e ' j u s t i f i e d , the l a t t e r c o r r e l a t i o n , of course, being i n agreement w i t h 
67 
the aforementioned Raman work of Davison and R i l e y i n which was 
l o c a t e d at 110cm 1 i n the s o l i d phase. I d e n t i f i c a t i o n of the two remaining 
modes p r e d i c t e d at long wavelength, V ( t o r s i o n (0-Cr-(CO) ^ A ) and 
^ Q d ( ^ ( 0-Cr-(CO) ) E ) d i d not, however, prove p o s s i b l e . 
F u r t h e r Raman s t u d i e s of C„H-Cr(C0) o ( s o l i d phase and C S 0 and C-H. 
0 fa j <s b O 
70 
s o l u t i o n s ) were published by S c h a f e r e t a l . (1972), as a p r e l i m i n a r y 
s t e p towards the p r e s e n t a t i o n of a t o t a l v i b r a t i o n a l a n a l s y s i s of the 
molecule (Table 8.23(b)). I n t h i s work, the f r e q u e n c i e s of 658cm 1 and 
490cm recorded by Adams and Squire® 9 could not be l o c a t e d . W h i l s t , i n 
426. 
t h e former c a s e , the absence of the band i s , perhaps, e x p l i c a b l e i n view 
of i t s assignment to V (6(Cr~C-0),A ) , the i n a b i l i t y to f i n d the l a t t e r 
32 2 69 66 t r a n s i t i o n ( b e l i e v e d by Adams and S q u i r e and by C a t a l i o t t i e t al° to 
r e p r e s e n t V ( V ( C r - C O ) , E ) } made i t n e c e s s a r y to c a r r y out s e v e r a l re= 27 as 
assignments. Hence, v was r e s t o r e d to the frequency suggested f o r the 
2 _ 163,64 
mode i n some of the e a r l i e s t s p e c t r o s c o p i c i n v e s t i g a t i o n s o f C J Cr(CO).(306cm ) 
o o J 
I n a d d i t i o n , p ( v (Cr-C0),A ) was put back to 535cm 1 ( i n agreement w i t h 
& 3 £ X 63 66 s p r e v i o u s f i n d i n g s of F r i t z and Manchot and C a t a l i o t t i e t a l . ) f o l l o w i n g 
measurements which showed the band to be p o l a r i s e d r a t h e r than d e p o l a r i s e d 
69 
a s r e p o r t e d by Adams and S q u i r e „ The remaining p o l a r i s e d Raman frequency 
(486cra 1 ) f r e e d by the l a t t e r re-assignment, was then a s c r i b e d to V' ( 6(0C-Cr-C0)„A ) , 
63 
a g a i n r e v e r t i n g to the assignment scheme of F r i t z and Manchot 
To low frequency, the t r a n s i t i o n a t 132cm * was a t t r i b u t e d to 
V^A 6C0-Cr-(CO)„),E), r a t h e r than v.0( 6(0C-Cr-C0) ,E) , as suggested by Adams 24 o do 
69 
and S q u i r e „ I n t u r n , the l a t t e r mode was r e - a s s i g n e d to a frequency of 
-1 c 67 69 110cm , thereby r e v i s i n g p r e v i o u s i d e n t i f i c a t i o n as O(OC-Cr-CO),A^). ' 
I n the same year (1972), the Raman ( s o l i d phase and C H ,CS and CHC1_ 
6 o 2 o 
s o l u t i o n s ) and i n f r a r e d ( n u j o l and K e l - F m u l l s a t l i q u i d n i t r o g e n temperature 
and CC1 ,CS n and C 0C1. s o l u t i o n s at ambient temperature) s p e c t r a of C_D_Cr(C0) 
71 
and i t s hydrogenous analogue were r e - i n v e s t i g a t e d by Hyams and L i p p i n c o t t 
( T a b l e 8 . 2 3 ( c ) ) . Almost t o t a l agreement was recorded between the assignments 
put forward f o r the C H Cr(CO) compound and those suggested by Adams and 
b o o 
69 
S q u i r e as f a r as the c a r b o n y l modes, i/(Cr-C0) ( v {k ) and y „(E)) and 
6(Cr-C-0) ( i ^ 3 1 ( A 1 ) , ^ 3 2 ^ 2 ^ ' ^ 3 3 ( E ^ a n d ^ 3 4 ^ E ^ ' a n d t h e b e n z e n e = c h * " o m i u n » 
v i b r a t i o n s , the r i n g t i l t ( ^ 2 3 ^ E ^ a n d s y m m e ' £ r i c s t r e t c h ( !>21^ A1^° However, 
disagreement was r e g i s t e r e d w i t h r e s p e c t to the v i b r a t i o n s V(6(0C-Cr=C0),A ) 
26 X and ^ 0 0 ( ^(oc-Cr-CO),E), the f r e q u e n c i e s d e s i g n a t e d being the r e v e r s e of 28 
those suggested by Adams and S q u i r e (108cm 1 and 131cm ^ r e s p e c t i v e l y ) . ^ 
427. 
I n a d d i t i o n , ^ 2 4 ^ £>(@~Cr~(c®) ^i^) w a s c o r r e l a t e d w i t h a Raman t r a n s i t i o n a t 
-1 -1 ., 70 
68cm , r a t h e r than the 132cm band a s c r i b e d by S c h a f e r e t a l . 
S i m i l a r l a c k of agreement w i t h the assignments of e a r l i e r i n v e s t i g a t o r s was 
a l s o d i s p l a y e d concerning s e v e r a l low energy i n t e r n a l benzene l i g a n d modes as a 
consequence of the a t t r i b u t i o n of ^ ^ ( A ^ ) t o a frequency of 654cm , as opposed 
-1 63,69 70 to ca.800cm suggested by p r e v i o u s authors ' . T h i s l e d to the next 
two s u c c e s s i v e l y higher energy i n t e r n a l benzene v i b r a t i o n s being " d i s p l a c e d " 
-1 
r e l a t i v e to the p r i o r assignment schemes; hence, the band a t 800cm was 
i d e n t i f i e d as ^ 1 Q ( E ) i n s t e a d of y 1 1 < A 1 ) 6 3 ' 6 9 , ? ° and t h a t a t 905cm" 1 as ^ 1 ? ( E ) 
69 70 
i n s t e a d of V ( E ) ' . Furthermore, as a r e s u l t of the placement of V a t 
10 1 o 
-1 
lower frequency, i t was n e c e s s a r y to r e - a s s i g n the 972cm t r a n s i t i o n t o vv-
S i n g l e c r y s t a l Raman work c a r r i e d out on C„H Cr(CO) was r e p o r t e d i n 
6 6 3 
72 
1974 by B u t t e r y e t a l . ( T a b l e 8 . 2 3 ( c ) ) . Although p r i m a r i l y i n t e r e s t e d 
i n the 2000cm 1 r e g i o n of the spectrum, the i n v e s t i g a t i o n a l s o encompassed 
modes o c c u r r i n g to lower frequency. S u b s t a n t i a l c o n f i r m a t i o n was given to 
69 
the assignment scheme of Adams and S q u i r e r e l a t i n g to v i b r a t i o n s of the 
C r ( C 0 ) 3 moiety, w i t h i d e n t i f i c a t i o n of v ( C r - C O ) ( l ^ and V^) and 6(Cr-C-0) 
(l>2i> l>32' ^33 a n d ^34^' f o l l o w i n g the l a t t e r a u t h o r s . Indeed, the only 
d i s p u t e between the two s t u d i e s c e n t r e d upon the modes 6(0C-Cr-C0) ,A^ ) 
and V (6(oc-Cr-CO),E), the f r e q u e n c i e s of w h i c h ( f o l l o w i n g Hyams and 28 71 
L i p p i n c o t t ) were a s s i g n e d i n the r e v e r s e o r d er to t h a t suggested by Adams 
and S q u i r e (108cm 1 and 131cm 1 r e s p e c t i v e l y ) , ^ 9 No d i s c u s s i o n was attempted 
e i t h e r of the i n t e r n a l v i b r a t i o n s of the benzene l i g a n d , or of those a r i s i n g 
from motion of the benzene group r e l a t i v e to the Cr(CO) fragment. 
A l s o i n 1974, an attempt was made to r e c o n c i l e the d i s p u t e which had 
An a l t e r n a t i v e assignment of the 972cm v i b r a t i o n to ^,(A, ) could be r u l e d out 
L 1 
because the band w i t h which V had been c o r r e l a t e d by p r e v i o u s authors (978-80cm _ i) 
63,69,70 
corresponded to the only one i n t h i s s e c t i o n of the spectrum which was 
p o l a r i s e d . 
428. 
71 a r i s e n between Hyams and L i p p i n c o t t and e a i i i e r a u t hors r e g a r d i n g the 
assignment of s e v e r a l of the low frequency i n t e r n a l modes of the complexed 
74 
benzene group. Adams and S q u i r e ( from Raman study of C H XCr(CO) 
-I 
complexes (where X = -NH 2„-OCH 3 and -COOCHg), proposed t h a t the 654cm 
71 
t r a n s i t i o n a t t r i b u t e d by Hyams and L i p p i n c o t t to (A ) (and by o t h e r 
69 E 
i n v e s t i g a t o r s to l ^ 3 2 ( 0( Cr-C-O) „A 2)) should i n f a c t r e p r e s e n t ^ ( A g ) , which, 
although f o r m a l l y i n f r a r e d and Raman i n a c t i v e under C molecul a r symmetry, 
becomes a c t i v e under the i n f l u e n c e of f a c t o r group symmetry (B (Raman)+A ( i n f r a r e d ) ) , 
S u 
Adoption of t h i s assignment then allowed r e s t o r a t i o n of the i n t e r n a l v i b r a t i o n s 
of the benzene group, ^ C A ) , ^ l C , ( E ) a n d t o t h e f r e c l u e n c i e s a s c r i b e d 
71 -1 -1 p r i o r to the study of Hyaras and L i p p i n c o t t ( r e s p e c t i v e l y 800cm , 902cm 
. Q r 7 1 -1 69,70. md 971cm ' ), 
I n a d d i t i o n to the p a r t i a l Normal Co-ordinate A n a l y s i s of C„H„Cr(C0) o 
6 6 3 
66 
performed by C a t a l i o t t i e t a l . i n 1970 ( s e e p r e v i o u s l y and Table 8.25), a 
p a r t i a l Normal Co-ordinate A n a l y s i s concerned w i t h the benzene l i g a n d w i t h i n 
21 C H C r ( C 0 ) has been reported by S c h a f e r e t aL(1971) . Employing an i n i t i a l 6 6 3 
f o r c e f i e l d based upon t h a t of f r e e benzene, refinement was c a r r i e d out to 
a c h i e v e b est f i t w i t h the observed f r e q u e n c i e s of those i n t e r n a l modes of the 
benzene l i g a n d p r e d i c t e d to be i n f r a r e d or Raman a c t i v e under D symmetry 
6h 
( T a b l e 8.2). Comparison was then made between the r e s u l t a n t f o r c e c o n s t a n t s 
and those c a l c u l a t e d f o r the analogous modes w i t h i n C H and w i t h i n the benzene 
6 6 
l i g a n d s of the compounds C r ^ H ^ , C r ( c 6 H 6 > 2 + > M ° ( c 6 H 6 > 2 > W ( C 6 H 6 ) 2 , V ( C 6 H 6 ) 2 , 
C H Mo(CO), C H CrC^Hr and C„H-MnC,.H_.. As a r e s u l t , frequency s h i f t s 6 6 o 0 0 0 0 6 0 J - > 
between i n t e r n a l v i b r a t i o n s of f r e e and complexed benzene were shown to 
a r i s e from changes i n the " o f f - d i a g o n a l " ( i n t e r a c t i o n ) f o r c e c o n s t a n t s , r a t h e r 
than the "on-diagonal" f o r c e c o n s t a n t s (which remained i n a l l c a s e s s i m i l a r 
to those of f r e e benzene). 
+ . 63 
The assignment scheneemployed was t h a t of F r i t z and Manchot modified o n l y 
w i t h r e s p e c t to Uiq(E) which was p l a c e d a t 902cm - 1 r a t h e r than 965cm" 1 as 
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F u l l Normal Co-ordinate A n a l y s e s of C H Cr(CO) have been p u b l i s h e d 
o o o 
75,76 77 by Cy v i n e t a l . i n 1972 and by Adams e t a l . i n 1975 (Table 8.25). 
I n the s t u d i e s of Cyvi n e t a l . ( a c o n t i n u a t i o n of a s e r i e s of i n v e s t i g a t i o n s 
concerned w i t h 77-arene-tffansition metal compounds), the employment of two 
d i f f e r e n t s e t s of symmetry c o - o r d i n a t e s , denoted " c o n v e n t i o n a l " and " p h y s i c a l " 
i n the v i b r a t i o n a l a n a l y s i s of C H Cr(CO) were d i s c u s s e d . The former of 
6 6 3 
these s e t s attempted to r e p r e s e n t the modes of C H Cr(CO) i n terms of 
6 6 3 
symmetry s p e c i e s d e s c r i b i n g the molecule as a whole, ( i . e . 10A +7A +17E) 
i. £ 
The l a t t e r , i n c o n t r a s t , represented the molecular v i b r a t i o n s i n terms of the 
symmetry s p e c i e s of the component groups, C H ( s i x - f o l d l o c a l symmetry) and 
6 6 
C r ( C 0 ) 3 (C symmetry), which were then c o r r e l a t e d w i t h an o v e r a l l C^ v 
molecular symmetry, i . e . 
( a ) C H : t h i r t y c o - o r d i n a t e s taken from f r e e benzene, 
6 6 ' 2A, +A 0 +2B 0 +4E 0 +E, +A 0 +2B. +2B_ +3E, +2E„ l g 2g 2g 2g l g 2u l u 2u l u 2u 
(b) Cr(CO) • f i f t e e n co-ordinates c o n s t r u c t e d i d e n t i c a l l y to those 
of a pyramidal X(YZ) molecule w i t h l i n e a r XYZ c h a i n s , 
O 
4A + A + 5E 
J. £ 
and ( c ) C H - Cr(CO) : s i x co- o r d i n a t e s i n v o l v i n g the motions of the 6 6 3 
C„H and Cr(CO) groups r e l a t i v e to each other, 
A l + A 2 + 2 E 
D i r e c t employment of the " c o n v e n t i o n a l " s e t of symmetry co - o r d i n a t e s , 
however, proved d i f f i c u l t and, hence, the f o r c e f i e l d c o n s t r u c t e d i n i t i a l l y 
was based upon the p h y s i c a l s e t of symmetry co - o r d i n a t e s w i t h the assumption 
t h a t : 
( i ) the s t r u c t u r a l parameters of the C H Cr(CO) molecule were 
6 6 3 
57 
those determined by B a i l e y and Dahl 
( i i ) the f r e q u e n c i e s of the v i b r a t i o n s were those reported i n the 
431. 
63 i n f r a r e d study of F r i t z and Manchot and the Raman i n v e s t i g a t i o n 
70 
of S c h a f e r e t a l . (Values from the l a t t e r work were used 
wherever p o s s i b l e . ) 
( i i i ) the f o r c e c o n s t a n t s of benzene were those p r e v i o u s l y d e r i v e d for 
f r e e benzene 
( i v ) the for c e c o n s t a n t s of the Cr(CO) fragment could be obtained 
o 
61 
by comparison w i t h Cr(CO) 
6 
( v ) the for c e c o n s t a n t s of the modes r e p r e s e n t i n g motions of the 
benzene l i g a n d r e l a t i v e to the Cr(CO) fragment could be chosen 
i n an approximate order of magnitude by comparison w i t h those 
40 78 suggested f o r C r ( C H ) and Fe(C H.)„. 
K> O Z O O <2 
I n i t i a l l y , an approximate f o r c e f i e l d was c r e a t e d i n which a l l i n t e r a c t i o n 
terms between co-ordinates belonging to two d i f f e r e n t types were considered 
to v a n i s h . From t h i s , a f i n a l f o r c e f i e l d was generated which reproduced 
e x a c t l y the e x p e r i m e n t a l l y observed f r e q u e n c i e s of the s p e c i e s of and E 
symmetry, and i n which the f o r c e c o n s t a n t s of V (torsion ( 0-Cr-(CO) )(A ) 
and ^ (6(Cr-C-0),A ) were a r b i t r a r i l y f i x e d ( i n the case of y so t h a t 
a frequency of 100cm 1 was produced). 
The f i n a l f o r c e f i e l d was then transformed to " c o n v e n t i o n a l " c o - o r d i n a t e s 
i n order to study the i n f l u e n c e of kinematic coupling. W h i l s t no co u p l i n g 
was found between i n t e r n a l v i b r a t i o n s of the C H and Cr(CO) fragments, 
6 6 3 
cou p l i n g was observed between i n t e r n a l v i b r a t i o n s of both m o i e t i e s and those 
r e p r e s e n t i n g motions of the benzene l i g a n d r e l a t i v e to Cr(CO) 
Mean amplitudes of v i b r a t i o n were d e r i v e d f o r the C_H_Cr(C0) molecule 
b o o 
a t temperatures of OK and 298K, the i n f l u e n c e of the frequency of the lowest 
energy Ag mode, V^(torsion^-Cr^CO)being t e s t e d by e x e c u t i n g runs 
w i t h the f o r c e c o n s t a n t s a d j u s t e d to make \j equal to 50cm * and 200cm \ as 
432. 
w e l l as 100cm T n e s o l e e f f e c t noted was the change r e g i s t e r e d i n the 
mean amplitudes p e r t a i n i n g to C„H - Cr(CO) d i s t a n c e s , s p e c i f i c a l l y those 
b b o 
d i s t a n c e s which depend on the angle of r o t a t i o n of the benzene and 
Cr(CO) m o i e t i e s r e l a t i v e to each other around the t h r e e - f o l d a x i s . 3 
Comparison was made between c a l c u l a t e d mean amplitudes of v i b r a t i o n f o r 
C H C r ( C 0 ) n and those of C„H„, Cr(C0)„ and Cr(C„H„)„. I t was d i s c o v e r e d 6 6 3 6 6 6 6 6 2 
t h a t the v a l u e s of the mean amplitudes of v i b r a t i o n for the benzene l i g a n d 
w i t h i n C H Cr(CO) were, i n common w i t h the f i n d i n g s f o r the l i g a n d s of 6 6 3 
Cr ( C H ) , s i m i l a r to the corresponding ones of f r e e benzene. L i k e w i s e , 6 6 2 
the mean amplitudes of v i b r a t i o n d e r i v e d f o r the Cr(CO) fragment, and 
3 
for the benzene group r e l a t i v e to the Cr(CO) moiety, c l o s e l y followed the 
3 
analogous ones reported f o r Cr(CO) and f o r Cr(C„H„)_ r e s p e c t i v e l y . 
6 o 6 £ 
F i n a l l y , p e r p e n d i c u l a r amplitude c o r r e c t i o n f a c t o r s were c a l c u l a t e d 
f o r C„H C r ( C 0 ) o which showed, i n accordance w i t h r e s u l t s f o r C r ( C H„) , b o o b b z 
t h a t s u b s t a n t i a l s h i f t s had taken p l a c e between the f r e e and complexed 
benzene molecules. However, although the s h i f t s recorded i n the case of 
C,H„Cr(C0) were i n the same d i r e c t i o n a s those reported f o r C r ( C H ) , 6 6 3 6 6 2 
s i g n i f i c a n t q u a n t i t i a t i v e d i f f e r e n c e s e x i s t e d between the va l u e s determined 
for the two molecules. 
R e c e n t l y , a Normal Co-ordinate A n a l y s i s of C H Cr(CO) and i t s 
6 6 3 
77 
deuterated analogue was published by Adams e t a l . (Table 8.25). The 
f o r c e f i e l d was s e t up i n i n t e r n a l c o - o r d i n a t e s assuming t h a t : 
( i ) the benzene l i g a n d possessed D , l o c a l symmetry 
6h 
( i i ) the o v e r a l l molecular symmetry was C^ 
( i i i ) the s t r u c t u r a l parameters were those determined i n the X-ray 
57 
study of B a i l e y and Dahl 
( i v ) the fundamental f r e q u e n c i e s of the symmetry s p e c i e s of 
69 C H Cr(C0)„ were those reported by Adams and Squire b b 3 
( w i t h the exception of the modes y(C-O) ( y (A,) and p ( E ) ) 
29 1 30 
433. 
which were taken from the hexane s o l u t i o n data of F r i t z 
63 
and Manchot ) 
( v ) the fundamental f r e q u e n c i e s of the symmetry s p e c i e s of C D Cr(CO) 
6 6 3 
63 , 
were those d e r i v e d by F r i t z and Mancot (modified a f t e r Hyams 
71 69.74, and L i p p m c o t t and Adams and Squ i r e ) 
Two refinements were c a r r i e d out on the forc e f i e l d : i n the f i r s t (Refinement I ) , 
the f o r c e c o n s t a n t s of the benzene l i g a n d were f i x e d a t va l u e s taken from f r e e 
benzene ( s o th a t an estimate of the e f f e c t s of kinematic coupling could be 
made), i n the second (Refinement I I ) , the most ge n e r a l r e f i n e d f o r c e f i e l d 
p o s s i b l e was generated. 
C o n s i d e r i n g i n i t i a l l y the former refinement, the v a l u e s of the f o r c e 
c o n s t a n t s to which the complexed benzene group were c o n s t r a i n e d were those 
obtained from a for c e f i e l d which had been s e t up for f r e e benzene employing 
f r e q u e n c i e s for C H , C„D„ and C H„D_. E s t i m a t e s of the s k e l e t a l f o r c e 6 6 6 6 6 3 3 
61 
c o n s t a n t s , on the other hand, were taken by analogy w i t h Cr(CO)g) 
Refinement was then c a r r i e d out to a c h i e v e best f i t w i t h the frequency 
assignments of the hydrogenous and deuterated l i g a n d - c o n t a i n i n g complexes by 
v a r i a n c e of some of the s k e l e t a l f o r c e c o n s t a n t s . (These d i d not, however, 
i n c l u d e the lowest energy s k e l e t a l deformation modes i>< ( 6(j3-Cr-(CO) ) , E ) , 
V_ ( <5(0C-Cr-C0) ,A ) and V (6(0C-Cr-C0),E) whose i d e n t i f i c a t i o n s were 1 28 
b e l i e v e d to be u n c e r t a i n , and whose corresponding f o r c e c o n s t a n t s were kept 
t 
constant a t an a r b i t r a r y value which produced c a l c u l a t e d deformation 
f r e q u e n c i e s i n the range 80-140cm ) . The f i n a l mean abs o l u t e e r r o r 
a c h i e v e d over a l l a s s i g n e d f r e q u e n c i e s was 30cm ^, w h i l s t the mean e r r o r 
f o r the s k e l e t a l modes alone was 14cm 1 (Table 8.25). From the r e s u l t s 
I t was noted that the use of d i f f e r e n t v a l u e s f o r these f o r c e c o n s t a n t s had 
no marked e f f e c t on the va l u e s of the r e f i n e d s k e l e t a l f o r c e c o n s t a n t s , and 
very l i t t l e i n f l u e n c e on c a l c u l a t e d f r e q u e n c i e s f o r i n t e r n a l benzene l i g a n d 
modes. 
434. 
of t h i s refinement, i t was concluded by the authors t h a t kinematic 
cou p l i n g , although a f a c t o r , d i d not account f o r most of the observed 
frequency s h i f t s between f r e e and complexed benzene. I n c o n t r a s t w i t h 
75, 76 
C y v i n e t a l . , t h e r e f o r e , these were a s c r i b e d to f o r c e constant changes. 
I n the case of Refinement I I , a l l f o r c e c o n s t a n t s other than those 
a s s o c i a t e d w i t h y (6(0-Cr-(CO) ) , E ) , v (6(0C-Cr-C0),A ) and 
y(6(0C-Cr-C0),E) were allowed to vary, the f i n a l f i t having a mean 28 
a b s o l u t e e r r o r of 17cm '''(with the l a r g e s t e r r o r i n any frequency being 
69cm™11 f o r (Ring t i l t , E ) of C„D„Cr(CO)„ ) . C a l c u l a t e d mode d e s c r i p t i o n s 
2,o fc> o o 
f o r C H„Cr(CO)„ were found to be i n general agreement w i t h the assignment 6 6 3 
69 74 
scheme of Adams and S q u i r e ' . However, the band p r e v i o u s l y l a b e l l e d 
y _ ( E ) (963cm - 1 - ) 6 9 ' 7 0 w a s r e - i d e n t i f i e d as I/, „(E), and the d e s c r i p t i o n s of 17 l o 
s e v e r a l modes i n the r e g i o n 320-490cm 1 were amended, w i t h the f o l l o w i n g 
t 
observed f r e q u e n c i e s being a t t r i b u t e d thus: 
490cm _ 1, l / 1 6 ( E ) ; 484cm" 1, ^ ( A ^ + V^k^ ; 424cm" 1, ^ ( E ^ l ^ E ) ; 
330cm 1 , l ^ 2 3 ( E ) + 1> 2 ?(E) and 298cm 1, l ^ ^ ) + ^ 2 5 ( A l ) -
As may been seen, mixing was found to be e x t e n s i v e amongst the " U(Cr-CO)" 
and " f ( C r - 0 ) " modes of A^ and E symmetry, so much so t h a t i t was concluded 
t h a t d e s c r i p t i o n s such as u(Cr-CO) and v(Cr-0) were rendered almost meaningless 
With r e s p e c t to the lower energy v i b r a t i o n s , i t was pointed out that 
the f r e q u e n c i e s d e r i v e d for the modes torsion ( 0-Cr-(CO)g) ,A^) (47cm 1 ) 
^ 2 4 ( u ( 0 - C r - ( C O ) 3 X E ) (86cm" 1), 1^ ( 6 (OC-Cr-CO),A ±) (123cm" 1) and 
. -1 v ^ 0 ( (OC-Cr-CO),E) (136cm ) were l i k e l y to be h i g h l y i n a c c u r a t e i n 28 
view of the approximations made i n the f o r c e f i e l d . 
I n the s e c t i o n of the spectrum below ca.500cm , u n c e r t a i n t y i n assignment 
was considered to be l a r g e i n view of the great d i s p a r i t y recorded between 
observed and c a l c u l a t e d f r e q u e n c i e s of the mode V (Ring t i l t . E ) of C D Cr(CO) 
435. 
2. I n t r o d u c t i o n : C H Mn(CO) Br 
6 6 3 
Neith e r the s t r u c t u r e of C H Mn(CO) Br, nor the b a r r i e r to the r o t a t i o n 
6 6 o 
of the benzene l i g a n d w i t h i n C H Mn(CO) Br, have been i n v e s t i g a t e d . I t i s 
6 6 3 
necessary t h e r e f o r e to assume both a s t r u c t u r e and a r o t a t i o n a l b a r r i e r 
r e l a t e d to that p r e v i o u s l y d e s c r i b e d for C H Cr(CO) . S i m i l a r l y , although 
6 6 3 
the i n f r a r e d spectrum of C H J n ( C O ) Br has been reported above 600cm 1 (Table 8.26^ 
6 6 3 
no attempt was made to i d e n t i f y any modes. Consequently, a n a l y s i s of the 
o p t i c a l and INS s p e c t r a of C H Mn(CO)* w i l l be c a r r i e d out f o l l o w i n g the 
6 6 3 
guidance o f f e r e d by the p r e d i c t e d v i b r a t i o n s ( d i a s . 8 ( i i i ) and 8 ( x v i i i ) and 
Ta b l e s 8.21 and 8.22) and assignments (see. e a r l i e r ) of the analogous s p e c i e s 
C H Cr(CO)„. 6 6 3 
3. Experimental 
C H Cr(CO) was purchased from Strem Chemicals I n c . , w h i l s t C„H_Mn(C0)„Br 6 6 3 6 6 3 
79 
was prepared f o l l o w i n g a l i t e r a t u r e method. 
INS s p e c t r a of both compounds were measured w i t h the samples ( p o l y c r y s t a l l i n e 
powders) contained i n s i l i c a , a t h i n w a l l (0.5mm) c e l l being used f o r 
C H Cr(CO) and a t h i c k w a l l (1mm) c e l l f o r C.HJWn(CO)JBr. T i m e - o f - f l i g h t b o o b b o 
data were obtained, i n the case of the chromium complex a t 233K, and i n the 
case of the manganese complex a t both 88K and 233K, using the 4H5 Spectrometer, 
w h i l s t BFD s p e c t r a were recorded employing the Dido Instrument a t 10K (C H Cr(CO) ) 
6 6 3 and 18K (C/,H/,Mn(C0)nBr) r e s p e c t i v e l y , b b o 
F a r - i n f r a r e d measurements (40-250cm 1 , 0 H Cr(CO) ; 60-400cm 1 . 
6 6 3 
CgHgMn(CO)^Br) were made at l i q u i d n i t r o g e n temperature using a Beckmann-
R I I C FS720 F o u r i e r Transform Spectrometer, w h i l s t the near- and m i d - i n f r a r e d 
r e g i o n s of C H Mn(CO) Br only were scanned a t room temperature employing a 6 6 3 
Perkin-Elmer 577 Spectromer. With the former instrument, samples were run 
as n u j o l m ulls supported on polyethylene d i s c , with the l a t t e r , e i t h e r as C s l 
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d i s c s or as n u j o l mulls between Csl p l a t e s . 
-1 Raman spectra were measured i n the range 0-900cm w i t h a Cary 82 Raman 
Spectrometer employing i n the case of C QH 6Cr(C0) 3 a Spectra Physics Model 164 
- l 
Ar l a s e r a t 19436.3cm (200mW power), and i n the case o f CgHgMnCCO^Br a 
-1 
Spectra Physics Model 125 He/Ne l a s t e r a t 15,802cm (6mW power). 
4. Discussion o f Results 
(a) C H Cr(CO) 6 6 3 
The INS spectra o f C H Cr(CO) are shown i n d i a s . 8 ( x i x ) - ( x x i ) , 
6 6 3 
and are summarised i n Table 8.26. 
Guided by the var i o u s assignment schemes p r e v i o u s l y discussed, i d e n t i f i c a t i o n 
of the i n t e r n a l modes of the benzene l i g a n d may be c a r r i e d out s t r a i g h t f o r w a r d l y . 
Hence the 811cm 1 BFD band may be assigned t o V^(A^) i n accordance w i t h the 
frequencies suggested f o r the mode by i n f r a r e d and Raman spectroscopy 
_ -i fi*? 69 70 — X ?1 76 (784-800cm ) ' ' and Normal Co-ordinate Analyses (784-800cm ) * „ 
-1 74 The 665cm peak may be ascribed t o V (A ) i n agreement w i t h Adams and Squire , 
who opted f o r t h i s d e s i g n a t i o n of the o p t i c a l l y observed t r a n s i t i o n a t 654cm * 
i n preference t o p r i o r assignments of V (6(Cr-C-0),A 0) and V (A ) 
32 £ 11 1 
— 1 63 66 69"~71 
I n f r a r e d and Raman data (611-617cm ) ' ' and Normal Co-ordinate 
—1 21 76 77 —1 A n a l y s i s (611.4 -621cm ) ' ' p o i n t to the 621cm BFD frequency r e p r e s e n t i n g 
^ g ( E ) . F i n a l l y , the 429cm 1 INS band may be a t t r i b u t e d to ^ gCE), f o l l o w i n g 
~~ 1 ©3 66 69 — 71 
o p t i c a l spectroscopy (418-427cm ) ' ' and Normal Co-ordinate A n a l y s i s 
(426 c m " 1 ) ! 6 
This leaves only one unexplained f e a t u r e i n the s e c t i o n of the BFD 
-1 -1 
spectrum between approximately 400cm and 850cm : the shoulder s i t u a t e d 
a t 490cm I t may be noted, however, t h a t the mode V ( V (Cr-CO).E) has 
27 as ' "~ 1 66 69 71 71? been assigned at 487-92cra i n various spectroscopic i n v e s t i g a t i o n s V» ' > 
— 1 66 and at 488cm i n Normal Co-ordinate A n a l y s i s . W h i l s t i t would not 
normally be expected t h a t a carbonyl mode would be o f s u f f i c i e n t i n t e n s i t y 
t o be observed i n the INS spectrum, i t i s not improbable t h a t t h i s v i b r a t i o n 
446. 
f 
might become v i s i b l e as a r e s u l t of mixing w i t h a mode of i d e n t i c a l symmetry 
which involves a large amount of proton motion and i s of s i m i l a r frequency. 
I n f a c t , i n the s p e c i f i c instance of V (V (Cr-CO),E), a ready candidate 
w i t h which mixing might take place i s supplied by the adjacent intense 
i n t e r n a l benzene l i g a n d mode v (E) s i t u a t e d at 429cm * i n the BFD spectrum. 
16 
Considering the p o s s i b i l i t y of mixing i n a s l i g h t l y wider context, i t may 
66,69,71,72 
be seen t h a t more recent papers have placed the carbonyl modes 
*25 ( ^ s ( C r - C 0 ) ' A!>' V2l{ ^ a s(Cr-CO),E), l/^C 6(Cr-C-0) .A^ , v^<, 6 (Cr-C-O) ,kj, 
l ^ 3 3 ( 6 (Cr-C-0),E) and ( 6(Cr-C-0),E) i n the region of the spectrum 
between ca.480cm 1 and 670cm 1 (Table 8.23). Furthermore, intense i n t e r n a l 
benzene l i g a n d v i b r a t i o n s have been located i n the INS spectrum at 429cm 1 
( f„(E)) t 621cm 1 ( l A ( E ) ) and 665cm ^( V. (A„)). Comparing the d e s c r i p t i o n s 16 o 4 A 
of these i n t e r n a l benzene v i b r a t i o n s and carbonyl modes (under C molecular 
ov 
symmetry), i t i s evident t h a t mixing may w e l l be widespread i n this area of 
69 
the spectrum. Moreover, when the f i n d i n g s of Adams and Squire are taken i n t o account ( i . e . t h a t the benzene v i b r a t i o n s V, ., V„ a.nd U are themselves x 16 6 H 
s p l i t by s i t e group symmetry, i n an analogous manner t o t h a t reported f o r the 
carbonyl modes (V - V„.), and the v i b r a t i o n s of the C H group r e l a t i v e to 
(53 o i 6 6 
the Cr(CO) moiety ( K,,- V.)) i t might be expected t h a t mixing could be 
very extensive indeed. 
To lower frequency, V' ( V (Cr-(3),A ) and V_ ( r i n g t i l t . E ) have been 
Z 1 S 1 2o « , ,. n „„„ o^.-. ~1 63,65,66,69-71 ge n e r a l l y assigned to the frequencies 296-301cm and 
— 1 63 66 69 —71 
328-338cm ' ' r e s p e c t i v e l y . W h i l s t the l a t t e r may be c o r r e l a t e d , 
63 66 69 — 71 ™*1 f o l l o w i n g past work ' ' , w i t h the very strong BFD peak at 327/333cm , 
V' , i n c o n t r a s t , i s not apparently observed. Consideration of the r e l a t i v e 
i n t e n s i t i e s expected f o r the two v i b r a t i o n s (Table 8.27) shows t h a t V0n> as 
Such mixing i n t h i s area of the spectrum has been commented upon by Adams 
et a l . 7 7 i n t h e i r Normal Co-ordinate Analysis of C„H„Cr(C0)„ . 
6 6 3 
TabI® 8027 I n t e n s i t i e s P r e d i c t e d i n the BFD Spectrum f o r Hindered 
T r a n s l a t i o n a l and R o t a t i o n a l Modes of the Benzene Ligand 
w i t h i n C„H,.Cr(CO)„ — — — — — o—o — — — 3 -
t 
Mode "Complexed" C.H„ O D 




' ^ 2 4 ^ ^ r e p r e s e n t s 
botn these t r a n s l a t i o n s 1.000 
t ' 
s » represented by the 1.000 symmetric s t r e t c h ^ 2 1 ^ 1 ^ 
/ / ' The r i n g t i l t ( 1 ^ 3 ( E ) ) 2.690 
// 
T y 
, r e p r e s e n t s both of these 
r o t a t i o n s 2.692 
// T z > represented by the t o r s i o n 
y 2 2 ( V 
2.691 
t = h i n d e r e d t r a n s l a t i o n a l mode;T = h i n d e r e d r o t a t i o n a K t o r s i o n a l ) mode„ 
+ The axes x, y and z r e f e r r e d to are those i l l u s t r a t e d i n dia„8(xv)„ 
58 59 
s S t r u c t u r a l data taken from that of Rees and Coppens ' f o r the benzene 
l i g a n d of C g H 6 C r ( C 0 ) 3 (Appendix 6 ) . 
f C a l c u l a t e d u s i n g the r e l a t i o n f o r a t r a n s l a t i o n : I n t e n s i t y « M 
(se e Chapter IV),where M i s the mass of benzene. 
M C a l c u l a t e d u s i n g the r e l a t i o n f o r a r o t a t i o n : 
I n t e n s i t y « r 2 ( I r ) - 1 (see Chapter I V ) , where r i s the p e r p s n d i c u l a 
d i s t a n c e between the s c a t t e r i n g atom and the a x i s of r o t a t i o n , and I i 
tft© reduced moment of i n e r t i a of benzene about t h a t a x i s . 
448. 
a doubly degenerate r o t a t i o n a l mode, would be expected t o be about 5.5 times 
as intense as i ; , a s i n g l y degenerate t r a n s l a t i o n a l mode. I t thus seems 
reasonable t o suppose t h a t the asymmetry d i s p l a y e d by the band p r o f i l e o f 
the v t r a n s i t i o n t o low frequency i s caused by the unresolved presence o f 
f , a n e x p l a n a t i o n given f u r t h e r c r e d i b i l i t y by the i n h e r e n t r e s o l u t i o n o f 
-1 i * 
the BFD spectrometer (ca.42cra ) . 
I n an attempt t o f i n d support f o r t h i s p r o p o s i t i o n , gaussians were f i t t e d 
-1 - i 
( u s i n g a Du Pont Curve Resolver) t o frequencies o f 298cm and 333cm 
r e p r e s e n t i n g Vs(Cr-0) ,A^) and ^ ^ ( r i n g t i l t . E ) r e s p e c t i v e l y , and the 
bandshape of the 333cm 1 BFD peak matched. The r e s u l t s showed the h i g h 
frequency band t o be 4.263 times as intense as t h a t t o lower frequency, i n 
f a i r agreement w i t h p r e d i c t i o n ( g i v e n the accuracy o f the i n t e n s i t y 
measurement). Hence, i t appears t h a t v i s present as an unresolved 
-1 
component of the 327/333cm peak. 
The 212cm 1 t r a n s i t i o n i n the BFD spectrum of C„H„Cr(C0)„ (which i s 
6 6 3 
s c a r c e l y v i s i b l e i n the P(a,/?) s p e c t r a ) has not been observed by e i t h e r 
67 6 9 ™ 71 
i n f r a r e d or Raman spectroscopy, ' nor i s i t p r e d i c t e d by Normal 
€5 6 7& 7 7 
Co-ordinate A n a l y s i s " ' . The only i n a c t i v e (A ) mode o f CH Cx"(CO) 
2 6 6 3 
which has not been f i r m l y assigned i s ^ ( t o r s i o n (0-Cr-(CO) ))„ However, 
c a l c u l a t i o n o f the b a r r i e r t o benzene l i g a n d r o t a t i o n r e s u l t i n g from the 
212cm 1 frequency y i e l d s a value of 425.14+32.69 kJ mol 1 (Table 8.28), 
60 whereas Chiu e t a l . found the benzene group w i t h i n gas phase C„H.Cr(C0)„ 6 6 3 
t o be almost f r e e l y r o t a t i n g . W h i l s t , i n the s o l i d , i n t e r m o l e c u l a r forces 
would be expected t o g i v e r i s e t o a b a r r i e r t o r o t a t i o n (as was found t o be 
the case f o r Cr(C_H ) ) , i t i s perhaps unreasonable t h a t i t should be as 6 6 2 
-1 
l a r g e as 425.12+32.69 kJ mol . Furthermore, the i n t e n s i t y d i s p l a y e d by the 
The r e s o l u t i o n s o f the v a r i o u s spectrometers used i n t h i s work are discussed 
i n Chapter I I I . 
449 
-1 + 212cm peak i s c o n s i d e r a b l y l e s s than t h a t which would be p r e d i c t e d q u a l i t a t i v e l y . 
Hence, i t appears necessary to a t t r i b u t e the 212cra * frequency to a combination 
band: 
-1 
68 .5+3.Ocm + 
128.5+6.Ocm 1 
127+8cm - 1 
197.0_h9.Ocra"1 
195.5+llcra" 1 
This leaves the low energy assignments which are p a r t i c u l a r l y d i f f i c u l t 
f o r t h i s compound because the modes V (6(0C-Cr-C0),A ) and V ( 6(0C-Cr-C0),E) 
26 1 «£o 
as w e l l as the CgHg- C r ( C 0 ) 3 v i b r a t i o n s ^ ( t o r s i o n (0-Cr-(CO> 3) 1A 2) and 
f (6(0-Cr-(CO) ) ,E) are p r e d i c t e d t o be s i t u a t e d i n t h i s r e g i o n of the 
6 V 69~• 72 
spectrum ' . Furthermore, the i n t e n s i t i e s of the two former modes 
need not be i n c o n s i d e r a b l e , i n the case o f v because the v i b r a t i o n causes 
2b 
motion of the Cr atom (and hence the protons of the benzene group r i d i n g on i t ) , 
and i n the case of U„ because i t s symmetry i s i d e n t i c a l t o t h a t o f V 
28 J J 24 
(thus a l l o w i n g the p o s s i b i l i t y of m i x i n g ) . Indeed, i f the i n f l u e n c e of 
s i t e group symmetry i s taken i n t o account, i t i s p o s s i b l e f o r mixing t o 
occur between components of V _ ( IA > ( A ) and U >>(B )) and components of 
2b 26 g 26 u 
V2A{ W (V ^  W ( Bu } ) ( T a b l e 8 - 2 4 ) -
U n f o r t u n a t e l y , i t i s not s t r i c t l y p o s s i b l e to decide assignments on i n t e n s i t y -
grounds i n t h i s p a r t o f the spectrum; f i r s t l y , because there i s no band i n the 
P( a , /S ) spectra whose assignment i s secure and whose bandshape i s w e l l 
r e s o l v e d , and secondly, because mixing might be expected to a l t e r p r e d i c t e d 
i n t e n s i t y r a t i o s to some e x t e n t . Nevertheless, i t w i l l be borne i n mind 
t h a t v_ (torsion(0-Cr-(CO) )A ) represents a s i n g l y degenerate r o t a t i o n a l 22 o 
mode and should consequently be approximately h a l f the i n t e n s i t y o f l ^ C r i n g t i l t . E ) , 
w h i l s t V (6(0-Cr-(CO) ),E) represents a doubly degenerate t r a n s l a t i o n a l 24 3 
mode and should thus be about twice the i n t e n s i t y suggested f o r t^-^l^CCr~&),Ap 
+ 
V , as a s i n g l y degenerate r o t a t i o n a l mode,should be approximately h a l f the 
i n t e n s i t y o f the doubly degenerate ro t a t i o n a l mode l ^ ^ r i n g tilt,E)„ 
450. 
by curve r e s o l u t i o n . Taking i n t o account the i n t e n s i t y r a t i o obtained 
p r e v i o u s l y f o r v •• V (4.263.1.000), i t must thus be expected t h a t th© 23 21 
v i b r a t i o n s »^ and V would be of roughly equal i n t e n s i t y . 22 24 
*~ 1 69 VI *~*\ An o p t i c a l l y d e r i v e d frequency 146-153cm ( i n f r a r e d ) ' /131-148cm 
68™72 69 70 (Raman) has been v a r i o u s l y designated f O Q ( E ) , l ^ 0 . ( E ) and ' £.0 til 
71 72 
) ' (Table 8.23), w h i l s t to longer wavelength a band a t 119-
26 1 1 6 9 7 1 1 6 7 69 ™ 7 2 121cm ( i n f r a r e d ) ' /108-114cra (Raman) ' has, w i t h s i m i l a r 
67 69 70 —2 u n c e r t a i n t y , been c o r r e l a t e d w i t h ^ o r ( A ) ' and u (E) . Although 2o 1 28 
the l a t t e r i s not a p p a r e n t l y present i n the INS spectra o f C II Cr(CO) „ a 
6 6 3 
peak e q u i v a l e n t t o the former t r a n s i t i o n i s found a t 128.5jf6.Ocm ^(P(a,fi ))/ 
127+8cm 1(BFD). However, the i n t e n s i t y d i s p l a y e d by t h i s v i b r a t i o n i s 
such t h a t i t may only reasonably be assigned to e i t h e r V (torsion(0-Cr-(CO) )„A ) 
or ^ 2 4(<5 (J3-Cr-(C0) 3) ,E). C a l c u l a t i o n of the b a r r i e r to benzene l i g a n d 
-1 .-1 r o t a t i o n based upon the 128.5/127cra frequency y i e l d s a value o f 156.19+14.93 k J mol 
/152.57+19.83 k j mol 1 ( T a b l e 8.28). This perhaps seems l a r g e when the f i n d i n g s 
60 
of Chiu e t a l . r e l a t i n g to the r o t a t i o n of the benzene group w i t h i n C H„Cr(CQ) 
6 6 3 
i n the gas phase are taken i n t o account. Consequently, assignment t o 
y^(S(0-Cr-(CO)g),E) appears more j u s t i f i e d . Furthermore, t h i s c o r r e l a t i o n 
o f f e r s a p o s s i b l e e x p l a n a t i o n f o r the asymmetry ( t o long wavelength) e v i d e n t 
i n the 128.5cm * P ( a , $ ) peak a t low angle. I n more recent spectrosocpic 
s t u d i e s o f CJI Cr(CO) the 119-121cro 1 ( i n f r a r e d ) / l 0 8 - 1 1 4 c r a 1(Raman) frequency 6 6 o 
70-72 
has been designated V (6(OC-Cr-CO) E). This v i b r a t i o n , o f course, possesses 
28 
the same symmetry as t h a t now suggested t o g i v e r i s e t o the 128.5/127cm * INS peak 
(l^ 2 4(S(0-Cr-(CO) 3) ,E)) and t h e r e f o r e mixing between the two modes may occur. 
= 1 
Turning now t o t h r e e lowest energy P(Qr ,j3 ) t r a n s i t i o n s (38.5+2.0cra , 
-1 -1 57.0+2.5cm and 68.5+_3.0cm ) , i t seems reasonable, on i n t e n s i t y grounds, 
to c o r r e l a t e ^ 2 g ( torsion(0-Cr-(CO) 3),A 2) w i t h one of the l a t t e r two peaks; 
I t w i l l be noted t h a t thus f a r assignment of the low frequency modes o f 
C 6H 6Cr(CO) 3 f o l l o w s the o p t i c a l study of Schafer e t a l . 7 0 and the Normal 
Co-ordinate A n a l y s i s of Cyvin et al.76 
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Table 8.28 The B a r r i e r t o the R o t a t i o n of the Benzene Ligand w i t h i n 
CyH,.Cr(C0)o Suggested by Several Possible T o r s i o n a l Frequencies —k j — _ 
Frequency (cm 1 ) Calculated / -1 B a r r i e r (kJ mol ) 
38.5+2 .0 14 02+1.50 
57.0+2 . 5 30 73+2.76 
68.5+3 .0 44 39+3.97 
"l2 7+8 r i 5 2 57+19.83 
_128. 5+6 .0 [156 19+14.93 
212+8 425 14+32.69 
C a l c u l a t i o n of the b a r r i e r t o the r o t a t i o n of the benzene l i g a n d w i t h i n 
C H Cr(CO) has been c a r r i e d out employing the s t r u c t u r a l data of Rees 
58 59 
and Coppens" ' (Appendix 6 )and assuming a t h r e e - f o l d b a r r i e r . 
w h i l s t the former f e a t u r e (a weak s h o u l d e r ) , i n agreement w i t h past spectroscopic 
71 
work (Table 23(c)),appears reasonably assigned t o a l a t t i c e v i b r a t i o n . 
-1 -1 
U n f o r t u n a t e l y , the poor r e s o l u t i o n of the 57.0cm and 68.5cm . bands, po s s i b l y 
( i n view of the d i s p e r s i o n e v i d e n t ) a r e s u l t of mixing w i t h l a t t i c e modes, 
orevents conclusive i d e n t i f i c a t i o n of the V mode. However, the 68.5cm ^ 
22 
P( 0! , ft) frequency (233K) i s presumably represented i n the i n f r a r e d spectrum 
by the band observed at 60cm ^ (ambient temperature) / 87cm ^ ( l i q u i d n i t r o g e n 
temperature), which has been designated a l a t t i c e v i b r a t i o n by Adams and 
69 
Squire . Assuming t h i s c o r r e l a t i o n to be correct, there would be s t r o n g 
grounds f o r the 57.0cm 1 peak corresponding t o V ( t o r s i o n (0-Cr-(CO) ),A ), 
a r e s u l t i n f a i r agreement w i t h the frequency derived f o r V from the 
-1 77 
Normal Co-ordinate A n a l y s i s of Adams e t a l . (47cm ) . I n any event, 
Table 8.28 shows the b a r r i e r to r o t a t i o n of the benzene l i g a n d w i t h i n 
C HCr(CO) a r i s i n g from both frequencies, 30.73+2.76 kJ mol 1 (57.0+2.5cm 1 ) 6 6 3 — -
and 44.39+3.97kJ m o l _ 1 (68.5+3.Ocm" 1). 
452 (b) C 6H gMn(CO) 3Br 
The INS spectra o f C H Mn(CO) Br are shown i n d i a s 8 ( x x i i ) - ( x x v i ) , 
6 6 3 
and are summarised i n Table 8.26. 
F o l l o w i n g the spectroscopic assignments of C_H„Cr(C0) o, the i n t e r n a l 
bo o 
benzene l i g a n d modes o f CgHgM^CO^Br may be i d e n t i f i e d w i t h i n the BFD spectrum. 
~1 
Thus ^^(A-^) m a y D e recognised a t 842cra , the mode o c c u r r i n g a t a higher frequency i n C H Mn(CO) Br than t h a t recorded f o r the e q u i v a l e n t v i b r a t i o n 6 6 3 
i n C 6H gCr(CO) 3 (811cra 1 ) . This f i n d i n g may p o s s i b l y a r i s e from the f a c t 
t h a t represents an o u t - o f - plane C-H bending v i b r a t i o n ( d i a . 8 ( i i i ) ) . 
I t s frequency, t h e r e f o r e , w i l l be p a r t i c u l a r l y s e n s i t i v e t o the s t r e n g t h of 
the i n t e r a c t i o n (and hence the bond l e n g t h ) between the benzene group and 
+ the metal atom. Thus, i t may be suggested t h a t i n C H Mn(CO) t h i s 6 6 3 
i n t e r a c t i o n i s s t r o n g e r (and the metal-benzene group bond l e n g t h s h o r t e r ) 
than i n CgH^Cr(CO)3 causing i> t o move to higher energy. 
I n c o n t r a s t w i t h v .both v .(A „) and UA^) appear a t s i m i l a r frequencies 
X X *~x & \3 
i n C HJUn(CO) Rr (660cm 1 and 610cm 1 r e s p e c t i v e l y ) t o those e s t a b l i s h e d 6 6 3 
f o r the chromium complex (665cm 1 and 621cm 1 r e s p e c t i v e l y . ) . Likewise, 
the p o s i t i o n o f f 1 i a ( E ) w i t h i n the spectrum o f C H Mn(CO) Br (424cm" 1) i s 
J-o 6 6 3 
l i t t l e changed i n comparison w i t h t h a t of the analogous mode i n C H Cr(CO) 
0 6 3 
(429cm 1). A f u r t h e r s i m i l a r i t y between the V peaks of C_HJWn(C0)„Br 
l b 0 0 0 
and C_H_(Cr(C0) i s the asymmetry displayed by t h e i r band p r o f i l e s t o higher Q 6 3 
energy. This presumably r e s u l t s i n the case of the c a t i o n i c species from 
the same cause as t h a t suggested f o r C^HgCrCCO)^; v i z . mixing between l^g(E) 
and carbonyl modes ( p a r t i c u l a r l y l/^CE) ) l y i n g i n t h i s r e g i o n of the spectrum 
(see l a t e r ) . 
To longer wavelenth, the r i n g t i l t mode ^23'^ m a ^ b e a s s i S n e ^ %° ^ e very 
i n t e n s e BFD band at 326/334cm \ the frequency being i n close agreement w i t h t h a t 
measured f o r V i n C_H.Cr (C0)„ (327/333cm 1 ) . Furthermore i n common w i t h 2o 0 0 o 
the f i n d i n g s f o r C H Cr(CO) , o p t i c a l spectroscopic evidence (see l a t e r ) p o i n t s 
6 6 3 
to the placement o f the v i b r a t i o n V {v (Mn-0),A ) 
t 
V~n has been i d e n t i f i e d i n o p t i c a l spectra of C,-H,.Cr (CO) ~ a t 487-
492 ^ - 1 , ^ 9 , 7 1 , 7 2 6 6 3 
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w i t h i n the bandshape of l ' ( r i n g t i l t . E ) , w n i C u ±s p r e d i c t e d to be 
+ 
considerably more intense (Table 8.27). However, i t i s noteworthy that 
f o r C HJn(CO) Br, the band p r o f i l e of V i s not obviously asymmetrical 6 6 3 23 
as was found f o r C^H^Cr(CO)^, and consequently, any accurate determination 
of the r e l a t i v e i n t e n s i t i e s of the two v i b r a t i o n s employing curve r e s o l u t i o n 
i s precluded. 
Of the weak features located t o lower energy at 223cm ^ and 264cm ^ 
i n the BFD spectrum of C H Mn(CO)„Br, the former i s not observed i n e i t h e r 
6 6 3 
i n f r a r e d or Raman spectra (see l a t e r ) , w h i l s t the l a t t e r i s apparently 
represented by the weak Raman band s i t u a t e d at,270cm 1. Considering the 
223cm 1 frequency f i r s t , i t may be seen t h a t no o p t i c a l l y a c t i v e fundamental 
v i b r a t i o n of C H Cr(CO)„ has been i d e n t i f i e d between ca.l60cm 1 and 290cm 1 6 6 3 
(Table 8.23), w h i l s t the only (infrared/Raman i n a c t i v e ) normal mode 
expected anywhere i n the region of the spectrum below approximately 450cra 
i s I-' ( torsion(0-Mn-(CO) ) ,A ). W h i l s t the b a r r i e r to benzene l i g a n d 
r o t a t i o n w i t h i n C^M^CrCCO^ (and presumably also w i t h i n C 6H gMn(CO)^r) appears 
to be determined by i n t e r m o l e c u l a r forces, which one would expect to be 
considerably g r e a t e r i n C H Mn(CO) Br(an i o n i c c r y s t a l held together by 
6 6 3 
e l e c t r o s t a t i c (coulombic) forces) than i n C H Cr(CO) ( a molecular c r y s t a l 
6 6 3 
held together by Van der Waals f o r c e s ) , i t i s p o s s i b l y unreasonable to 
suppose t h a t the b a r r i e r height which would r e s u l t from the 223cm * 
frequency of C H Mn(CO) Br (470.40+34.46 kJ rnol"1: Table 8.29) and the 6 6 3 —• 
b a r r i e r height i n d i c a t e d f o r C H Cr(CO) (30.73+2.76 kJ mol 1(57.0+ 2.5cm *) 
6 6 3 — — 
or 44.39+3.97 kJ mol 1 (68.5+3.Ocm 1 ) : Table 8.28) should be so d i s p a r a t e . 
t 
The i n t e n s i t i e s of the t r a n s l a t i o n u i a n d r o t a t i o n a l modes of C~H .Mn(C0LBr must lie 6 6 3 assumed ( xn the a b s e n c e of s t r u e tu r a 1 data l o t ' the complex) to he a n a l o g o u s to 
those determined l o r C .H .Cr(CO) 
6 6 3 
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TABLE 8„29 The B a r r i e r to the Rotation of the Benzene Ligand w i t h i n 
C H.Hn(CO) Br Suggested by S e v e r a l P o s s i b l e T o r s i o n a l Frequencies 
-1 
Frequency (cm ) 

























264 + 8 659.27+40.56 
/ T-O-F data recorded at 233K 
T-O-F data recorded at 88K 
" C a l c u l a t i o n of the b a r r i e r to the r o t a t i o n of the benzene liga n d 
w i t h i n C 6Hgiyin(CO)3Br has been c a r r i e d out employing the s t r u c t u r a l 
data of Rees and Coppens r e l a t i n g to CgHgCrCCO),^ 5 8» 5 9(Appendix 7) 
and assuming a t h r e e - f o l d b a r r i e r . 
4 DO . 
However, t h i s argument i s somewhat c o n j e c t u r a l ; perhaps more c o n c l u s i v e l y , 
t h e i n t e n s i t y d i s p l a y e d by t h e 223cm 1 band i s v e r y much l e s s t h a n t h a t 
t 
a n t i c i p a t e d on 1he b a s i s o f q u a l i t a t i v e p r e d i c t i o n s f o r i n CgHgCrCCO) 3 > 
C o n s e q u e n t l y , i t seems t h a t assignment o f the 223cm 1 f r e q u e n c y t o a c o m b i n a t i o n 
+ t 
band 
84.0+3.5cm" 1 + 114.0+5.Ocm" 1 = 198.0+8.5cm" 1 ^ 
79.0+3.5cm 1 + 105.0+5.Ocm 1 = 184.0+8.5cm" 1 ^ 
or an o v e r t o n e 
2 [114.0+5.Ocm" 1] = 228.0+10.Ocm" 1 ^ 
2 [105.0+5.Ocm 1 ] = 210.0+10.Ocm" 1 ^ 
i s n e c e s s a r y . L i k e w i s e , t h e s t i l l l e s s i n t e n s e v i b r a t i o n a t 264cm 1 i s 
- l 
s i t u a t e d i n an a r e a o f t h e s p e c t r u m (160-290cm ") i n w h i c h o n l y an o v e r t o n e 
- 1 - i 71 (2 x 134cm = 248cm ) has been r e p o r t e d f o r C H„Cr(C0) . i t w o u l d 
6 fa 3 
seem t h a t t h e arguments advanced r e f u t i n g c o r r e l a t i o n o f V w i t h t h e 223cra 1 
2 2 
peak m i l i t a t e even more s t r o n g l y a g a i n s t c o r r e l a t i o n o f V w i t h t h e 264cm 1 
2 2 
t r a n s i t i o n . Hence t h e l a t t e r f r e q u e n c y must a l s o c o r r e s p o n d t o e i t h e r a 
c o m b i n a t i o n band 
105.0+5.Ocm" 1 + 143. 5+_7.0cm _ 1 = 248. 5+12.Ocm" 1 ^ 
114.0+5.Ocm 1 + 147.0+6.5cm" 1 = 261.0+11.5cm" 1 ^ 
108+8cm 1 + l36+8cm 1 = 244+16cm 1 
o r an o v e r t o n e 
2Cl43.5+7.Ocm 1 ] = 287.0+14.Ocm" 1 ^ 
2 [ l 4 7 . 0 + 6 . 5 c m ~ 1 J = 294.0+13.Ocm" 1 ^ 
2 [ l 3 6 + 8 c m " 1 ] = 2 7 2 + 1 6 c n f 1 
F i n a l l y , t h e P ( a , 5 ) s p e c t r a must be c o n s i d e r e d : however, no gui d a n c e 
r e g a r d i n g t h e r e l a t i v e i n t e n s i t i e s o f t h e modes ^22^tors^on (0~Mn-(CO)g).Ag) 
and ^ 2 4 ( 6 o - M n - ( C O ) 3 ) ,E) i s a v a i l a b l e , on a c c o u n t o f t h e i n a b i l i t y t o 
r e s o l v e 1 ^ ( 1 ; (Mn -0) ,A ] L) f r o m f a r i n g t i l t . E ) i n t h e BFD spectrum. I t 
+ 
V as a s i n g l y d e g e n e r a t e r o t a t i o n a l mode, s h o u l d be a p p r o x i m a t e l y h a l f 2 ^  
t h e i n t e n s i t y o f t h e d o u b l y d e g e n e r a t e r o t a t i o n a l mode ^ ( r i n g t i l t . E ) . 
H e n c e f o r t h t h e s u f f i x w i l l be used t o deno t e T-O-F d a t a measured a t 233K, 
and t h e s u f f i x w i l l be used t o denote T-O-F d a t a measured a t 88K. 
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must t h e r e f o r e be assumed t h a t i n common w i t h t h e f i n d i n g s f o r C„H„Cr(CO)„, 
6 6 3 
V and Vr a r e o f s i m i l a r i n t e n s i t y , w i t h t h e f o r m e r b e i n g p o s s i b l y s l i g h t l y 
t h e more i n t e n s e . 
Guided by t h e INS assignment scheme o f C HgCr(CO) and i n agreement 
w i t h the p r e c e d i n g d i s c u s s i o n , ^ 2 4 ^ ((fl-Mn-tCO) ) ,E) may be a s s o c i a t e d 
w i t h t h e second most i n t e n s e (and h i g h e s t f r e q u e n c y ) P(Of, peak, the 
f r e q u e n c y i n d i c a t e d f o r C II Mn(CO) Br (143.5+7. (//147.0+6.5cm 1 ^ T-O-F, 
6 6 3 — — 
136+8cm 1 BFD) comparing w i t h t h a t o f 128.5+6.Ocm 1(T-0-F)/127+8cm 1(BFD) 
r e c o r d e d f o r t h e e q u i v a l e n t v i b r a t i o n o f t h e chromium complex. I n s i m i l a r 
/ - 1 // 
agreement w i t h p r e d i c t e d i n t e n s i t i e s , t h e 105.0_+5.0 /114.0+5.0cm band 
o f C H„Mn(C0)-Br ( t h e most i n t e n s e v i b r a t i o n i n t h e P(6',/3) s p e c t r u m ) would 6 6 o 
appear o n l y r e a s o n a b l y a s s i g n e d t o t h e r e m a i n i n g u n i d e n t i f i e d f u n d a m e n t a l 
e x p e c t e d i n t h i s r e g i o n o f the s p e c t r u m , l-^C torsion ( 0-Mn-(CO)^) ,k^) . I t 
w i l l be n o t e d t h a t t h e f r e q u e n c y a t t r i b u t e d V i n C H Mn(CO) Br r e p r e s e n t s 
22 6 6 3 
a c o n s i d e r a b l y l a r g e r b a r r i e r t o benzene l i g a n d r o t a t i o n w i t h i n t h e m o l e c u l e 
t h a n t h a t suggested f o r C g H 6 C r ( C 0 ) 3 (30.73+2.76 kJ mol 1 (57.0+2.5cm 1 ) / 
44.39+3.97 kJ mol 1 (68.5+3.Ocm 1 ) . T h i s u n d o u b t e d l y r e f l e c t s i n t h e main 
t h e i n c r e a s e d i n t e r m o l e c u l a r f o r c e s e x p e c t e d i n an i o n i c as opposed t o a 
m o l e c u l a r c r y s t a l ; however, i t i s i n t e r e s t i n g t o s p e c u l a t e as t o whether a 
c o n t r i b u t o r y f a c t o r may be i n c r e a s e d i n t r a m o l e c u l a r f o r c e s w i t h i n the c a t i o n i c 
t 
s p e c i e s . 
C o n s i d e r i n g the l o w e s t energy T-O-F bands, those observed a t 
26.5+1.5 7 //27.5+1.5 / : /cm~ 1 and a t 45. 5+2.0^/45. 5 + 2 . O ^ c n f 1 , as w e l l as 
t h a t v i s i b l e o n l y i n t h e "sum o f F ( # ) + S(a,B)/0l " spectrum a t 59.0+3.0 
// - 1 cm 
( d i a . 8 ( x x v i ) ) , are u n d o u b t e d l y l a t t i c e modes as e v i d e n c e d by the degree o f 
/ -1 
d i s p e r s i o n they d i s p l a y . The more i n t e n s e 79.0+3.5 /84.0+3.5 cm v i b r a t i o n , 
These a r e , perhaps, i n d i c a t e d by t h e e l e v a t i o n i n f r e q u e n c y o f V observed on 
g o i n g f r o m C.II . C r ( C 0 ) o Lo C H J n ( C O ) ,,Br (sou p r e v i o u s l y ) . 1 1 6 6 J () b 3 
457. 
i n c o n t r a s t , d i s p l a y s l i t t l e d i s p e r s i o n and i s more d i f f i c u l t t o i d e n t i f y 
c o n c l u s i v e l y . I t may r e p r e s e n t a l a t t i c e mode i n common w i t h t h e bands 
o b s e r v e d t o l o w e r e n e r g y , b u t assignment t o e i t h e r V (6(0C-Mn-C0),A ) o r 
26 1 
V (6(0C-Mn-C0),E) c a n n o t be r u l e d o u t on i n t e n s i t y g rounds. As w i l l 
28 
be seen i n t h e s u c c e e d i n g d i s c u s s i o n o f t h e o p t i c a l s p e c t r a o f C H Mn(CO) Br 
6 6 3 ' 
however,if a s s i g n m e n t t o a mode <5(0C-Mn-C0) i s n e c e s s i t a t e d , t h e n a t t r i b u t i o n 
t o t h e A v i b r a t i o n ( v ,) i s t h e more l i k e l y . 1 2o 
T u r n i n g t o t h e o p t i c a l s p e c t r a o f C H Mn(CO) Br, t h e i n f r a r e d bands 
6 6 3 
a t 845cm \ 613cm 1 and 418cm 1 may be s t r a i g h t f o r w a r d l y a s s i g n e d t o t h e 
i n t e r n a l benzene l i g a n d modes V (A ) , V (E) and ^,„(E), t h e f r e q u e n c i e s 
1 J- 1 o 16 
d e r i v e d comparing w e l l w i t h t h o s e measured by INS s p e c t r o s c o p y (842cm ^ . e i O c m - 1 
and 424cm 1 r e s p e c t i v e l y ) . S i m i l a r l y , t h e r i n g t i l t , V(E), l o c a t e d a t 
326/334cm 1 i n t h e BFD s p e c t r u m , may be i d e n t i f i e d a t 334cm 1 i n b o t h i n f r a r e d 
and Raman s p e c t r a , w h i l s t (Mn -0) , A ^ ) , g u i d e d by t h e f r e q u e n c y a s s i g n e d 
t h e e q u i v a l e n t mode i n CgH£r(CO),. (296-301cm" 1) 6 3 ' 6 0 ' 6 6 ' 6 9 - 7 1 m a y b e 
a t t r i b u t e d t o t h e i n f r a r e d band o f moderate i n t e n s i t y s i t u a t e d a t 295cm \ 
( I t w i l l t h e r e f o r e be n o t e d t h a t s i m i l a r l y t o C H Cr(CO) , b o t h t h e V 
6 6 3' 21 
and V v i b r a t i o n s a r e , i n t h e BFD s p e c t r u m , encompassed by t h e band p r o f i l e 2 3 
o f t h e more i n t e n s e V mode.) 
To l o w e r e n e r g y , t h e 154cm 1 and 162cm 1 i n f r a r e d f r e q u e n c i e s and t h e 
163cm 1 Raman f r e q u e n c y appear t o c o r r e l a t e w i t h l> , (6(0-itfn-(CO) J.E) l o c a t e d 
24 3 
/ // - 1 
a t 143.5 /147.0 /136cm i n INS s p e c t r a . I n the same r e g i o n o f t h e s p e c t r u m 
t h e 118cm ^ ( i n f r a r e d ) / 1 2 4 c m ^(Raman) band would seem by a n a l o g y w i t h 
a s signments f o r C H Cr(CO) ( 1 2 1 c m - 1 i n f r a r e d / 1 0 8 - 1 1 4 c r a _ 1 ( R a m a n ) ) 6 9 " 7 2 t o 
D O O 70—2 —1 —1 r e p r e s e n t I^ g (6(OC-Mn-CO),E), whereas t h e 82cm ( i n f r a r e d ) / 78cm (Raman) 
v i b r a t i o n c o r r e s p o n d s e i t h e r t o a l a t t i c e mode o r , perhaps more l i k e l y , t o 
t 
The i n t e n s i t y d i s p l a y e d by t h e modes V 2 6 and l ^ 2 y need n o t be n e g l i g i b l e , i n 
the case o f t h e f o r m e r v i b r a t i o n because m o t i o n o f t h e manganese atom would 
be e x p e c t e d t o g i v e r i s e t o s y m p a t h e t i c movement o f t h e p r o t o n s o f t h e 
benzene group " r i d i n g " on i t , and i n t h e case o f t h e l a t t e r v i b r a t i o n , 
because m i x i n g i s p o s s i b l e w i t h t h e i n t e n s e mode 1^(6 (0-Mn-(CO) ),E) w h i c h possesses i d e n t i c a l symmetry. 
458. 
t h e o t h e r 6(0C-Mn-C0) mode V ,(A ) . The r e m a i n i n g low f r e q u e n c y bands 
26 1 
(47cm 1 and 61cm 1 : Raman) may, f o l l o w i n g t h e INS assignments f o r t h e 
v i b r a t i o n s s i t u a t e d a t 45.5^/45.5^cm 1 and 59.c/^cm * be i d e n t i f i e d as 
l a t t i c e modes. 
C o n s i d e r i n g now t h e f r e q u e n c y range 500cm ^ t o 700cm ^, i t may be 
seen t h a t t h r e e v e r y i n t e n s e v i b r a t i o n s a r e observed i n the i n f a r e d s pectrum 
o f C H (Mn(CO) Br, a t 638cm 1 , 595cm 1 and 519cm 1 r e s p e c t i v e l y . L i k e w i s e 6 6 3 
f o r C H Cr(CO) t h r e e v e r y i n t e n s e i n f r a r e d bands have been r e p o r t e d i n 6 6 3 
'X63 64 6 9 *"* 7 2 
t h i s same s p e c t r a l r e g i o n , w h i c h have been i d e n t i f i e d as l ^ ( c a . 6 6 7 c m ) ' ' 
u ( -1,63-5,69-72 -1,64,65,69-72 l> Aca.. 635cm ) and ^ (ca.o33cm ) . I t seems o J 34 
r e a s o n a b l e t o a s s i g n the C^HgMnCCO)^Br f r e q u e n c i e s f o l l o w i n g t h e guidance 
a f f o r d e d by t h e chromium complex, and t h u s t h e 638cm 1 , 595cm 1 and 519cm 1 
bands have been c o r r e l a t e d w i t h V ( 6(Mn-C-0) ,A]L) , U (6(ftln-C-0) ,E) and 
f (6(Mn-C-0),E) r e s p e c t i v e l y . 
A t s l i g h t l y l o n g e r w a v e l e n t h , t h e 456cm 1 ( i n f r a r e d ) / 4 6 1 c m 1(Raman) 
peak o f C H Mn(CO) Br may be t a k e n t o r e p r e s e n t t h e r e m a i n i n g unassigned 6 6 3 
modes o f t h e Mn(CO) moi e t y e x p e c t e d , by a n a l o g y w i t h C H Cr(CO) , i n t h i s 
3 6 6 3 
g e n e r a l r e g i o n o f the spectrum, v (v (Mn-CO),A ) and v ( V (Mn-CO).E). 
25 s 1 27 as 
I n common w i t h t h e 6(IY!n-C-0) modes V , V„„ and V d i s c u s s e d above, i t 
i s n o t i c e a b l e t h a t these v i b r a t i o n s o c c u r a t s l i g h t l y l ower f r e q u e n c y i n 
CgH^MnCCO^Br t h a n those a s s i g n e d t o the e q u i v a l e n t v i b r a t i o n s o f t h e 
,„„„ „-. - 1 ,, 64,65,69,71,72 „ „ - 1 66,69,71,72, chromium complex (483-87cm , l> ' ' ' ' and 488-92cm , 1/ ) . 2o 27 
F i n a l l y , t h e 981cm 1 ( i n f r a r e d / 9 8 4 c m 1(Raman) band o f C„ H , M n ( C 0 ) J r may 
6 b 3 
be a t t r i b u t e d t o t h e i n t e r n a l benzene l i g a n d mode f ^ ( A ) i d e n t i f i e d a t 978-
— 1 6 3 6 9 ~* 71 981cm i n CgHgCrCCO^ ' , w h i l s t t h e r e m a i n i n g weak f e a t u r e s i n t h e 
i n f r a r e d (372cm 1 , 310cm 1 , 285cm 1 and 203cm 1 ) and Raman (317cm 1 and 270cm 1 ) 
s p e c t r a o f C H Mn(CO) Br analogues o f w h i c h have e i t h e r n o t been r e p o r t e d o r 6 6 3 
n o t a s s i g n e d i n o p t i c a l s p e c t r a o f C H,Cr(C0) , may perhaps be assumed t o 
6 6 3 
r e p r e s e n t v a r i o u s c o m b i n a t i o n bands and o v e r t o n e s . 
459. 
Appendix: S t r u c t u r a l Data Used i n t h e C a l c u l a t i o n o f Moments o f I n e r t i a 
1 . " F r e e " Benzene 
The c o - o r d i n a t e s below have been d e r i v e d f r o m t h e bond l e n g t h s and 







Hx+1.2405 Cx+0.6985 Cx+0.6985 Hx+1.2405 
y+2.1486 y+1.2098 y-1.2098 y-2.1486 
z 0.0000 z 0.0000 z 0.0000 z 0.0000 
Hx-1.2405 Cx^O,6985 Cx-0.6985 Hx-1.2405 
y+2.1486 y+1.2098 y-1.2098 y-2.1486 








2. "Complexed Benzene Model" f o r Cr(C H ) 
6 6 2 
S t r u c t u r a l d a t a f o r "complexed benzene" have been t a k e n f r o m t h e n e u t r o n 
15 16 
d i f f r a c t i o n r e s u l t s o f F d r s t e r e t al„ ' f o r t h e benzene l i g a n d s w i t h i n 
C r ( C ^ H _ ) „ o However, f o l l o w i n g e v i d e n c e f o r t h e l a t t e r m o l e c u l e i n f a c t 
b b Z 
20 , p o s s e s s i n g D„, symmetry ( r a t h e r t h a n t h e D„, symmetry suggested i n t h e on od 
n e u t r o n d i f f r a c t i o n s t u d y ) , t h e "complexed benzene" m o l e c u l e has been 
assumed t o be p l a n a r ( w i t h a l l i n t e r n a l C-C-C band a n g l e s e q u a l t o 120°), 
and averages have been employed o f t h e two l e n g t h s r e p o r t e d f o r b o t h t h e 







Hx+1.2315 Cx+0.7075 Cx+0.7075 Hx+1.2315 
y+2.1330 y+1.2254 y-1.2254 y-2.1330 
z 0.0000 z 0.0000 z 0.0000 z 0.0000 
Hx-1.2315 Cx-0.7075 Cx-0.7075 Hx-1.2315 
y+2,1330 y+1.2254 y-1.2254 y-2.1330 








Cr(C„H„) 6 6 2 
15,16 The amended s t r u c t u r a l d a t a o f F o r s t e r e t a l , ' ( d e s c r i b e d i n 
Appendix 2) have been employed t o g e t h e r w i t h t h e chromium-benzene r i n g 
4. "Complexed Benzene Model" f o r Cr(C_H„) 0I 
b b 2 
The s t r u c t u r a l p a r a m e t e r s f o r "complexed benzene" have been based 
upon t h e f i n d i n g s f o r t h e benzene l i g a n d s w i t h i n Cr(C„H_)„I r e p o r t e d by 
6 6 2 
48 
Morosin . However, as t h e O H bond l e n g t h s and C-C-C band angles w i t h i n 
t h e l i g a n d benzene m o l e c u l e s were n o t quot e d i n t h i s work, an average has 
been t a k e n o f t h e two O H bond l e n g t h s d e t e r m i n e d w i t h i n C r ( O H „ ) 0 by 
b b 2. 
15 16 
F o r s t e r e t a l , ' (see Appendix 2 ) , and t h e i n t e r n a l C-C-C bond angles 
o 
have a l l been assumed t o e q u a l t o 120 . 
































5 0 C r ( C g H 6 ) 2 I 
The s t r u c t u r a l d a t a d e s c r i b e d p r e v i o u s l y i n Appendix 4 have been 
employed t o g e t h e r w i t h t h e chromium-benzene r i n g p l a n e d i s t a n c e ( i . e . 
48 0 
z c o - o r d i n a t e ) s u g g e s t e d f o r Cr(C H g ^ I by M o r o s i n (1„59A)„ 
6. C,H,Cr(C0) o 6 6 3 
The p o s i t i o n a l c o - o r d i n a t e s below have been d e r i v e d f r o m t h e n e u t r o n 
d i f f r a c t i o n s t r u c t u r e o f CgH^Cr(CO)^ d e t e r m i n e d by Rees and Coppens^'"^. 
N O « co in CM 
O H © 
r-t o CM CM rH O o 00 + I in o CD X >> 
o • ° o o o 
CM o rH CD i-H co + + CM t > rH X > 1 SI 0 o • 
X i-H o rH 
CM o CM -f-X >> N i-H o 00 o <3< o CO 
rH o rH 
CO CD CM o m CM + + CM o CM m o CM in l O 00 rH r H CO X >•> O CO CO o CO 
CM rH CD o CM CD u c ~ CM CD CM i-H CD 
o o o o o o 0 o o o 
i-H CM 1-1 o rH rH O rH rH rH CM rH + + + + + + + 1 + + 1 + X >> N >> X >> N X >> N X O o 






o CM i H o rH rH o o O + 1 + 1 X 0 >> N X N >> N o o >H o 
CO I D CM O m CM CM O CM m o CM 
i O m 00 rH rH CO O CO 00 !> CO 
CM r H CD CM CD CM CD CM r-i CO 
o o • o 0 • » D a » o 
r H CM rH O rH rH O r-H rH rH CM rH 1 + + i + -1_ i 1 J - 1 1 1 X >> N X N CM o CM X >> s X >> 
X o rH o CO X 
• t f o CD 
rH o rH O o 1 + CD rH co X >> SI CM l> rH 
C J • 
CM O 
I 
rH O rH 
I I I X >i N CM O CM co in CM O H © 
CM 
I X O 
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7. C H Mn(CO),Br 
fab 3 
The s t r u c t u r e o f C„H„Mn(CO) 0Br has n o t been r e p o r t e d . Moments 
6 6 3 
o f i n e r t i a , t h e r e f o r e , have had t o be c a l c u l a t e d e m p l o y i n g t h e s t r u c t u r a l 
, 58.59 
p a r a m e t e r s o f Rees and Coppens f o r C H Cr(CO) b u t w i t h t h e mass o f 
6 6 3 
a manganese atom S u b s t i t u t e d f o r t h a t o f t h e chromium atom. ( T h i s 
a p p r o x i m a t i o n , causes n e g l i g i b l e change i n t h e c o - o r d i n a t e s g i v e n p r e v i o u s l y 
f o r t h e atoms w i t h i n t h e C H Cr(CO) m o l e c u l e ( A p p e n d i x 6 ) ) . 
464. 
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The B o a r d o f S t u d i e s i n C h e m i s t r y r e q u i r e s t h a t each p o s t g r a d u a t e r e s e a r c h 
t h e s i s c o n t a i n an a p p e n d i x l i s t i n g 
(a) a l l r e s e a r c h c o l l o q u i a , r e s e a r c h s e m i n a r s and l e c t u r e s (by e x t e r n a l 
s p e a k e r s ) a r r a n g e d b y t h e Depar t m e n t o f C h e m i s t r y s i n c e 1 O c t o b e r 1976; 
and (b) a l l r e s e a r c h c o n f e r e n c e s a t t e n d e d and p a p e r s r e a d o u t by t h e w r i t e r 
o f t h e t h e s i s , , d u r i n g t h e p e r i o d when t h e r e s e a r c h f o r t h e t h e s i s was 
c a r r i e d o u t , 
1» Research C o l l o c i u i a , Seminars and L e c t u r e s 
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a) U n i v e r s i t y o f Durham C h e m i s t r y C o l l o g u i a 
Wednesday, 2 0 t h O c t o b e r 
P r o f e s s o r J.B. Hyne ( U n i v e r s i t y o f C a l g a r y ) , "New Research on an 
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I n o r g a n i c S o l i d s " . 
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Dr. H . I . Page ( H u d d e r s f i e l d P o l y t e c h n i c ) , " L a r g e and S m a l l Rate 
Enhancements o f I n t r a m o l e c u l a r C a t a l y s e d R e a c t i o n s " , 
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P r o f e s s o r A.J, L e a d b e t t e r ( U n i v e r s i t y o f E x e t e r ) , " L i q u i d 
C r y s t a l s " . 
Wednesday, 2 6 t h J a n u a r y 
Dr« A. D a v i s (ERDR), "The W e a t h e r i n g o f P o l y m e r i c M a t e r i a l s " 0 
Wednesday, 2nd F e b r u a r y 
Dr. Mo F a l k , (NRC Canada), " S t r u c t u r a l D e d u c t i o n s f r o m t h e 
V i b r a t i o n a l Spectrum o f Water i n Condensed Phases". 
Wednesday, 9 t h F e b r u a r y 
P r o f e s s o r R.O.C. Norman (U, o f Y o r k ) , " R a d i c a l C a t i o n s ; 
I n t e r m e d i a t e s i n O r g a n i c Reactions". 
Wednesday, 2 3 r d F e b r u a r y 
Dr. G„ H a r r i s (U. o f S t . A n d r e w s ) , "Halogen A d d u c t s o f P h o s p h i n e s 
and A r s i n e s " . 
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F r i d a y , 1 8 t h March 
P r o f e s s o r Hans Bock ( F r a n k f u r t U . ) , " P h o t o e l e c t r o n S p e c t r a and 
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Dr. J . Atwood ( U n i v . o f A l a b a m a ) , "Novel S o l u t i o n B e h a v i o u r o f 
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P r o f e s s o r M.M. K r e e v o y (lmiv„ o f M i n n e s o t a ) , "The Dynamics o f 
P r o t o n T r a n s f e r i n S o l u t i o n " . 
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Dr. J . M c C l e v e r t y ( U n i v . o f S h e f f i e l d ) , "Consequences o f 
D e p r i v a t i o n and O v e r c r o w d i n g on t h e C h e m i s t r y o f Molybdenum and T u n g s t e n " . 
Wednesday, 6 t h J u l y 
P r o f e s s o r J . Passmore ( U n i v . o f B r u n s w i c k ) , "Adducts Between 
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Group V P e n t a h a l i d e s and a P o s t s c r i p t on S ^ I 
b) Durham U n i v e r s i t y Chemical S o c i e t y 
Tuesday, 19th October 
Dr. J.A. Salthouse (Univ. o f Manchester), "Chemistry and Energy''. 
Tuesday, 26th October 
Dr„ R.E. Richards (Univ. o f O x f o r d ) , "NMR Measurements on I n t a c t 
B i o l o g i c a l Tissue". 
Tuesday, 2nd November 
Dr. B. S u t c l i f f e (Univ. o f Y o r k ) , "The Chemical Bond as a Figment 
o f t h e I m a g i n a t i o n " . 
Tuesday, 16th November 
Mr. R. Ficken (Rohm & Haas), "The Graduate i n I n d u s t r y " . 
Tuesday, 30th November 
Dr. R.J. Donovan (Univ. o f Edinburgh), "The Chemistry o f the 
Atmosphere". 
Tuesday, I S t h January 
Professor I . F e l l s (Univ. o f Newcastle), "Energy Storage: the 
Chemists' C o n t r i b u t i o n t o t h e Problem". 
Tuesday, 8 t h February 
Dr. M.J. Cleare (Johnson Matthey Research C e n t r e ) , "Platinum Group 
Metal Compounds as Anti-Cancer Agents". 
Tuesday, 1 s t March 
Professor J.A.S. Smith (Q.E. College, London), "Double Resonance". 
Tuesday, 8th March ~ ' —, , 
Professor C. Eaborn (Univ. o f Sussex), " S t r u c t u r e and R e a c t i v i t y " . 
1.2 1977-78 
a) U n i v e r s i t y o f Durham Chemistry C o l l o q u i a 
Tuesday, 27th September 
Dr, T,J 0 Broxton (La Trobe UniVo A u s t r a l i a ) , " I n t e r a c t i o n o f 
Aryl d i a z o n i u i n S a l t s and A r y l a z o a l k y l Ethers i n Basic A l c o h o l i c S o l v e n t s " . 
Wednesday, 19th October 
Dr. B. Heyn (Univ. o f Jena, D.D.R.) , "cr-Organo-Molybdenum Complexes 
as Alkene P o l y m e r i s a t i o n C a t a l y s t s " . 
Thursday, 27th October 
Professor R.A. F i l l e r ( I l l i n o i s I n s t * o f Technology, U.S.A.), 
"Reactions o f Organic Compounds w i t h Xenon F l u o r i d e s " . 
Wednesday, 2nd November 
Dr„ N. Boden (Univ. o f Leeds), "NMR Spin-Echo Experiments f o r 
Studying S t r u c t u r e and Dynamical P r o p e r t i e s o f M a t e r i a l s C o n t a i n i n g I n t e r a c t i n g 
Spin- 1? P a i r s " . 
Wednesday, 9 t h November 
Dr. A.R. B u t l e r (Univ. o f St. Andrews), "Why I l o s t F a i t h i n L i n e a r 
Free Energy R e l a t i o n s h i p s " . 
Wednesday, 7 t h December 
Dr. P.A. Madden (Univ. o f Cambridge), "Raman Studies o f Molecular 
Motions i n L i q u i d s " . 
Wednesday, 14th December 
Dr„ R.O. Gould (Univ. o f Edinburgh), " C r y s t a l l o g r a p h y t o t h e 
Rescue i n Ruthenium Chemistry". 
Wednesday, 25th January 
Or- G. Richards,(Univ. o f O x f o r d ) , "Quantum Pharmacology". 
Wednesday 1s t February, 2,30 pom. 
Professor K„J, I v i n (Queens U n i v e r s i t y , B e l f a s t ) , "The o l e f i n 
metathesis r e a c t i o n : mechanism o f r i n g - o p e n i n g p o l y m e r i s a t i o n 
o f cycloalkenes"„ 
F r i d a y 3rd February 
Dr ha Hartog (Free U n i v e r s i t y , Amsterdam, H o l l a n d ) , " S u r p r i s i n g 
r e c e n t Studies i n Organo-magnesium Chemistry"„ 
Wednesday 22 February 
Professor J,D, B i r c h a l l (Mond D i v i s i o n , I , C , I 0 L t d c ) , " S i l i c o n 
i n t h e Biosphere"„ 
Wednesday 1s t March 
Dr A 0 W i l l i a m s ( U n i v e r s i t y o f K e n t ) , "Acyl Group T r a n s f e r 
R e a c t i o n s " 0 
F r i d a y 3rd March 
Dr G, van Koten ( U n i v e r s i t y o f Amsterdam, H o l l a n d ) p " S t r u c t u r e and 
R e a c t i v i t y of Arylkopper C l u s t e r Compounds",, 
Wednesday 15 March 
Professor G„ S c o t t ( U n i v e r s i t y of A s t o n ) , "Fashioning P l a s t i c s 
t o match the Environment"„ 
Wednesday 22 March 
Professor H, Vahrenkarap ( U n i v e r s i t y o f F r e i b u r g , Germany), 
"Metal-Metal Bonds i n Organoraetallic Complexes", 
Wednesday 19 A p r i l 
Dr Mo Barber (UMIST), "Secondary I o n Mass Spectra o f Surfaces 
and Absorbed Species", 
Tuesday 16th May 
Dr P. Ferguson (C0N,R«S,, Grenoble), "Surface Plasma Waves 
and Adsorbed Species cn Metals", 
Thursday 10th May 
Professor M„ Gordon ( U n i v e r s i t y o f Essex), "Three C r i t i c a l 
P o i n t s i n Polymer Science"o 
Monday 22nd May 
Professor D„ Tuck ( U n i v e r s i t y o f Windsor, O n t a r i o ) , " E l e c t r o -
chemical Synthesis o f I n o r g a n i c and Organometallic Compounds" 0 
Wednesday - Thursday 24th, 25th May 
p r o f e s s o r P 0 von R, Schleyer ( U n i v e r s i t y of Erlangen, Nurnberg), 
I 0 "Planar T e t r a ~ c o - o r d i n a t e Methanes, Per p e n d i c u l a r 
Ethylenes, and Planar A l l e n e s " 0 
I I o " A r o m a t i c i t y i n Three Dimensions",, 
I I I o " N o n - c l a s s i c a l Carbocations"„ 
Wednesday 21st June 
Dr SoKo T y r l i k (Academy o f Science, Warsaw), "Dimethylglyoxime-
c o b a l t Complexes - C a t a l y t i c Black Boxes"„ 
F r i d a y 23rd June 
Professor W0B0 Pearson ( U n i v e r s i t y of F l o r i d a ) , "Diode Laser 
Spectroscopy a t 16 urn" <, 
F r i d a y 3Qth June 
Professor G„ Mateescu (Cape Western Reserve U n i v e r s i t y ) , 
"A Concerted Spectroscopy Approach t o t h e C h a r a c t e r i z a t i o n o f 
Ions and I o n P a i r s : Facts, Plans, and Dreams", 
(b) Durham U n i v e r s i t y Chemical Society 
Thursday 13th October 
Dr J„ C0 Young, Mr AoJ„S„ W i l l i a m s ( U n i v e r s i t y o f A b e r y s t w y t h ) , 
"Experiments and Considerations Touching Colour" <, 
Thursday 20th October 
Dr RoLo W i l l i a m s ( M e t r o p o l i t a n P o l i c e F o r e n s i c Science Dcpt„), 
"Science and Crime"„ 
Thursday 3rd November 
Dr G„We Gray ( U n i v e r s i t y o f H u l l ) , " L i q u i d C r y s t a l s - T h e i r 
O r i g i n s and A p p l i c a t i o n s " 0 
Thursday 24th November 
Mr G0 R u s s e l l ( A l c a n ) , "Designing f o r S o c i a l A c c e p t a b i l i t y ' ^ 
Thursday 1 s t December 
Dr BoF.Go Johnson ( U n i v e r s i t y o f Cambridge), "Chemistry o f 
Binary Metal Carbonyls" 0 
Thursday 2nd February 
Professor R„A„ Raphael ( U n i v e r s i t y o f Cambridge), " B i z a r r e 
Reactions o f A c e t y l e n i c Compounds",, 
Thursday 16th February 
Professor G0V70A0 Fowles ( U n i v e r s i t y of Reading), "Home Winemaking". 
Thursday 2nd March 
Professor M.W0 Roberts ( U n i v e r s i t y o f B r a d f o r d ) , "The Discovery 
o f Molecular Events a t S o l i d Surfaces",, 
Thursday 9 t h March 
Professor H« Suschitzky ( U n i v e r s i t y o f S a l f o r d ) , " F r u i t f u l 
F i s s i o n s o f Benzofuroxans"„ 
Thursday 4 t h Hay 
Professor J 0 Chatt ( U n i v e r s i t y o f Sussex), "Reactions o f Co-
o r d i n a t e d D i n i t r c g e n " 0 
Tuesday 9 t h May 
Professor G„A<, Olah (Case Western Reserve U n i v e r s i t y , C l e v e l a n d , 
Ohio), " E l e c t r o p h i l i c Reactions o f Hydrocarbons"„ 
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